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ABSTRACT 
INVESTIGATION OF LOW LEVEL NEUTRON RADIATION ON TANTALUM 
ALLOYS FOR RADIOISOTOPE POWER SYSTEM APPLICATIONS 
Barklay, Chadwick D. 
University of Dayton, 2007 
Dr. Daniel Kramer, Technical Advisor 
Tantalum alloys have been used by the U.S. Department of Energy (USDOE) as 
structural materials for space nuclear power systems such as Radioisotopic 
Thermoelectric Generators (RTG) since the 1960s. The thrust of this thesis 
research is to investigate the effects of low-level neutron radiation on the 
mechanical and microstructural properties of two tantalum alloys, Ta-10%W and 
T-111 (Ta-8%W-2%Hf), which have been used to encapsulate radioactive fuel for 
space nuclear power systems. Ta-10%W and T-111 test specimens were 
exposed to a neutron fluence level (1.2 x 1015 nvt) at temperatures less than <0.2 
Tm, which is equivalent to the cumulative fluence associated with the 30-year 
mission life of a RTG. This fluence level resulted in an atomic displacement 
damage of approximately 3.0 x 10-7 dpa in both alloys. 
iii 
In T-111 test specimens, this level of atomic displacement damage produced an 
approximate 6.6% reduction in the tensile ductility, an approximate two-order of 
magnitude increase in the stress rupture time, and a two-order of magnitude 
reduction in steady state creep rate. These observations are statistically 
significant at the 0.05 significance level. Through the employment of 
Transmission Electron Microscopy it was determined that the interaction of the 
defects produced by atomic displacement damage with moving a0/2<111 > screw 
dislocations increased the magnitude of cross-slip of the screw dislocations, thus 
leading to a five-fold increase in dislocation density and a pronouncement of the 
ordering of dislocations into mosaic patterns of cellular or subgranular 
arrangements at the boundaries of cells/subgrains. In addition, the experimental 
results determined that an atomic displacement damage of approximately 3.0 x 
10-7 dpa did not produce a statistically significant effect on the mechanical or 
microstructural properties of Ta-10%W when subjected to a strain rate of 0.0017 
-1 s . 
The culmination of this research is the development of a phenomenological 
model based on the experimental data that can be used to determine the 
minimum creep rate of irradiated T-111 within the parameters bounded by this 
research. The results of this research are significant because they provide a 
basic understanding of the strength mechanisms in two tantalum alloys (Ta-
10%W and T-111) resulting from neutron radiation at temperatures <0.2 Tm• This 
greatly enhances the level of understanding of potential irradiation hardening 
iv 
mechanisms in both alloys. Thus, space power system designers can more 
confidently extrapolate relevant mechanical-property trends of T-111 and Ta-
10%W encapsulation materials as a function of neutron irradiation doses and 
internal pressure levels which correspond to actual RTG service lifetimes. 
V 
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CHAPTER I 
INTRODUCTION 
"There is no such thing as a new idea. We simply take a lot of old ideas and put 
them into a mental kaleidoscope. We give them a turn and they make new and 
curious combinations." - Mark Twain 
Radioisotope Thermoelectric Generators, commonly referred to as RTGs, 
provide electric power to spacecraft through the thermoelectric conversion of the 
decay heat of the radioactive isotope Plutonium-238. The electric power 
produced by the RTGs has powered the instruments, computers, radio 
transmitters and attitude thrusters on various spacecraft and has powered lunar 
seismic experiments. 1 Figure 1.0.1 shows astronaut Alan Bean removing the 
Figure 1.0.1. Alan Bean removing the SNAP-27 on the Apollo 12 mission in 
November 1969. 
1 
Plutonium-238 heat source from the Apollo Lunar Excursion Module (LEM) which 
was used to power a SNAP-27 (Systems for Nuclear Auxiliary Power) RTG used 
for lunar seismic experiments. 
The first RTG was put into service for a space application in June 1961, on a 
Navy navigational satellite. Advances in RTG systems were made with the 
development and flight of SNAP 19 (Systems for Nuclear Auxiliary Power) 
aboard Nimbus Ill, launched in April 1969. The SNAP 19 represented a major 
milestone in the development of long-lived, highly reliable isotope power systems 
for space use by NASA. 2 The SNAP 27 generator was developed to power five 
seismic experiments left on the Moon by the Apollo 12, 14, 15, 16 and 17 
astronauts. 1 Figure 1.0.2 shows a cutaway of a SNAP-27 RTG, which uses a 
tantalum alloy to encapsulate the plutionium-238 heat source. The continuing 
operation of these generators provided new dimensions of data about the Moon 
and the universe. Four SNAP 19 nuclear generators later provided the electrical 
power for each of the two NASA Jupiter flyby spacecraft known as Pioneers 10 
and 11, which were launched in the early 1970s.2 
The United States has an outstanding record of safety in using RTGs on 24 
missions over the past three decades.3 While RTGs have never caused a 
spacecraft failure on any of these missions, they have been on-board three 
missions which experienced malfunctions for other reasons. In all cases, the 
RTGs performed as designed. More than 30 years have been invested in the 
engineering, safety analysis and testing of RTGs. Safety features are 
2 
incorporated into the RTGs' design and extensive testing has demonstrated that 
they can withstand physical conditions more severe than those expected from 
most accidents. 3 
_.. r .:, j _,, t I I 
, J LL t. r $ L 
.\ .. ~ i.. , A,' I 
Figure 1.0.2. Cutaway of the SNAP-27 RTG. The converter was 46.0 cm high 
and 40.0 cm across the fins and produced 63.5 We with a mass of 19.6 kg. 
Any penetrating radiation that escapes a RTG heat source is of potential 
concern. RTG safety efforts revolve around containing the radioactive fuel in 
case of an accident during a critical time in the mission, such as launch or re-
entry. Multiple layers of special material, such as tantalum alloys, encapsulate 
the plutonium-238 fuel to contain it under both normal and accident conditions. 
Extensive testing and analysis have been conducted to demonstrate that the 
encapsulated Plutonium-238 fuel remains intact even after Earth re-entry and 
impact. The Apollo 13 accident and subsequent re-entry of the RTG, without any 
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material release, provides further proof of this safety principle.3 The primary 
objective in the qualification testing of an encapsulation layer for the plutonium-
238 fuel is to select tests that will demonstrate the ability of the design to 
withstand Earth re-entry and impact. Some of the qualification tests include: 1) 
external hydrostatic pressure tests of 100 MPa to determine capsule survivability 
if subjected to deep sea pressure;24 2) impact tests up to 150 meters per second 
to determine capsule survivability in the event of a transportation accident;24 and 
3) internal pressure stress rupture tests at various temperatures and pressures to 
determine capsule survivability in the event of a fire.24 This type of rigorous 
testing and analysis also includes a full characterization of the materials used in 
the design of the plutonium-238 fuel encapsulation layer. These tests include: 
chemical and microstructural analysis, tensile, yield elongation, modulus, 
hardness and low and high temperature creep/stress rupture. 
However, all of this extensive testing and analysis has failed to take into 
consideration any possible effects of the radiation emitted from the plutonium-
238 fuel on the mechanical properties of the materials used to fabricate the 
encapsulation layer. This is primarily because the prevailing assumption 
regarding the effects of low fluence levels of neutron radiation, emitted by the 
plutonium-238 fuel in RTGs, produces correspondingly negligible levels of 
irradiation damage in the encapsulation materials. 
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Tantalum is a metal with a high-melting temperature and a good combination of 
properties that make it useful for a number of applications. It has already gained 
acceptance in electronic components, chemical equipment, missile technology25 
and its alloys have been used extensively in the encapsulation of the Plutonium-
238 fuel used in RTGs.24· 26 
The following sections are intended to provide sufficient background regarding 
the primary focus of this research during the investigation of the effects of low 
level neutron radiation on the two primary tantalum alloys (Ta-10%W and T-111) 
used to encapsulate 238PuO2 fuel in some radioisotope power system 
applications. 
5 
1.1 Tantalum 
Refractory metals consist of those elements that have a bee crystal lattice 
structure, a melting point of 2000°C or greater and a ratio of less than 1 for the 
melting point of their primary oxide to the melting point of the elemental metal.4 
This definition applies to niobium, molybdenum, tungsten and tantalum which are 
in Group VA and VIA of the Periodic Table (Figure 1.1.1 ). Titanium, zirconium 
and hafnium are considered reactive metals which have an hep crystal lattice 
structure and are in Group IVA of the Periodic Table.4 
Compared to other elements, tantalum has a high melting point (2996°C), which 
is second only to tungsten (3410°C). Tantalum's tolerance for interstitial 
elements and high-solid solubility for other refractory and reactive metals, and its 
relatively high modulus of elasticity (186 GPa) are attractive characteristics for an 
alloy base material.4 
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Figure 1.1.1. Periodic Table of the Elements Highlighting Hafnium, Tantalum 
and Tungsten. 
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1.2 Tantalum-Tungsten Alloys 
Tantalum and tantalum alloys provide a combination of properties not found in 
many refractory metals. These include excellent fabricability, low ductile-to-brittle 
transition temperature, high melting point (Table 1.2.1 ), and a moderately high 
elastic modulus. Due to these unique features, tantalum base alloys have been 
among the most attractive materials for applications in the aerospace and 
nuclear industries. As a result, the high-temperature mechanical properties of 
these alloys were the subject of considerable interest from both a theoretical and 
technical viewpoint in the 1960s, which led to several investigations on creep and 
stress-rupture of pure tantalum and tantalum alloys during that decade.4 
Material Density Melting 
(g/cm3) Point 
(OC) 
Ta4 16.6 2996 
Ta-10%W0 16.8 3035 
T-111!J 16.72 2982 
Table 1.2.1. Physical properties of tantalum, Ta-10%W and T-111 . 
Many studies have addressed the macroscopic mechanical response of 
unalloyed tantalum and tantalum-tungsten alloys over a wide range of 
deformation conditions.6 In general, pure tantalum exhibits mechanical behavior 
typical of bee metals with flow stress being extremely sensitive to strain-rate and 
temperature. The addition of tungsten as an alloying element causes significant 
changes in mechanical behavior with an increase in yield stress, an increase in 
work hardening, and a decrease in strain rate and temperature sensitivity.7 
8 
Researchers have observed that the mechanical behavior of tantalum-tungsten 
alloys resembles that of fee metals.7 
T-111 is basically a single-phase solid-solution tantalum-tungsten alloy 
containing nominally 8-percent tungsten and 2-percent hafnium. The 2-percent 
hafnium level was originally selected on the basis of ductility considerations 
necessary for aerospace and space powers systems applications.8 The amount 
of interstitials such as oxygen, carbon, nitrogen, and hydrogen significantly 
affects the strength and ductility of the alloy.8 Thus, limits are placed on these 
elements as shown in Table 1.2.2. 
Material C N 0 H Fe Ni Mo w Hf Ta 
Tantalum <300 <150 <300 <100 <200 <200 - <300 - Ba l. 
Ta-10%W <50 <50 <100 <10 <100 <100 <300 8.5 -11% - Bal. 
T-111 <50 <50 <100 <10 <50 <50 <200 7.0 - 9.0% 1.8 -2.4% Bal. 
Table 1.2.2. Specification for the Composition of Tantalum, Ta-10%W and T-
111 (ppm wt. % ) . 
Most tantalum alloys readily oxidize at elevated temperatures and it is 
recommended that T-111 should not be heated above 316°C in air. 8 Above this 
temperature, the alloy absorbs interstitials from the air and therefore should be 
heated in a good vacuum (< 10-5 torr), or in a protective atmosphere such as 
argon or helium.8 An oxidation study (Sections 4.4 and 5.1) was conducted on 
T-111 and Ta-10% W to ensure that any potential deleterious oxidation effects 
from heating in air did not occur during the experimental phases of this research. 
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1.3 Mechanical Properties of T-111 and Ta-1 O¾W 
All high-temperature refractory alloys are generally designed to be used in the 
stress-relieved condition rather than the fully recrystallized condition, in order to 
take advantage of the higher strength present in the stress-relieved condition. 22 
The recrystallization temperature depends on the amount of cold- or warm-work 
and also on the exposure time. The temperature to fully recrystallize 75% cold-
worked alloy T-111 has been reported to be 1650°C for a 1 hour anneal.22 
For comparison purposes, the mechanical properties of recrystallized T-111 and 
Ta-10%W at 25°C are provided in Table 1.3.1. 
Property T-111 Ta-10%W 
UTS (MPa) 772-780° 549 - 620° 
Yield (MPa) 662-694° 462 - 503" 
Elongation (%) 17.9-21.8" 16" 
Modulus (GPA) 178a 163-207° 
Table 1.3.1. Mechanical Properties of Recrystallized T-111 and Ta10%W at 
2s0 c. 
Noticeably, none of the properties included in Table 1.3.1 for T-111 and Ta-
10%W are associated with properties resulting from creep/stress rupture. The 
characterization of the creep/stress rupture behavior of plutonium-238 fuel 
encapsulation materials is critical to ensure that RTG design requirements are 
met. Data for the creep testing at low and elevated temperatures is not included 
due to the considerable variability in the literature regarding the behavior of these 
alloys. This is primarily due to differences in material chemistry and 
10 
microstructure, and testing conditions such as temperature, applied stress and 
environment (inert atmosphere, vacuum, etc.). 
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Figure 1.3.1. Effect of Test Temperature on Tensile Properties of Recrystallized 
Ta-10%W and T-111 Sheet Material.5 
The ultimate tensile strength for Ta-10%W and T-111 has been measured by 
several researchers. Figures 1.3.1 and 1.3.2 summarizes the ultimate tensile 
(UTS) and yield strength (YS), and elongation data obtained from tensile tests on 
recrystallized specimens.5 In addition to these properties, tantalum and its alloys 
exhibit a pronounced temperature and strain rate sensitivity. Zinkle22 noted for T-
111 that dynamic strain aging occurs at temperatures between approximately 
500-1000°C for typical tensile strain rates of ~10-3 s-1. Dynamic strain aging 
(DSA) is manifested by a negative strain rate sensitivity, which means the UTS 
and other strength properties decrease with increasing strain rate. 
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1.4 Creep of Materials 
Creep is the term used to describe the tendency of a material to deform 
permanently to relieve stresses. Material deformation occurs as a result of long 
term exposure to levels of stress that are below the yield or ultimate strength of 
the material. Creep behavior is more pronounced in materials as they are 
subjected to thermal environments ranging from ambient up to their melting point. 
The temperatures at which creep tests are conducted are measured relative to 
the melting point (homologous temperature, Tm) of the material being tested. 
Creep is not a failure mode, but is considered a damage mechanism. Depending 
on the material being tested the deformation mechanism will vary depending on 
the stress level and exposure temperature. If the magnitude of the applied 
stress, relative to the material's yield stress for a given temperature, is sufficiently 
high when coupled with a protracted duration then creep deformation may result 
in failure (stress rupture). Rather than failing suddenly by fracture, the material 
permanently strains over a longer period of time until it finally fails. This makes 
creep deformation a "time-dependent" deformation of the material. 
The rate of creep deformation is a function of the material properties, exposure 
time, exposure temperature and the applied load (stress). The dependence of 
steady state creep rate on stress is typically described by one of the following 
phenomenological relations9: 
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1. The power law - i oc AO"n 
2. The exponential Law - i oc Aesa 
3. The Sinh law - i oc A[Sinh(aO")r 
Where n is the stress function and A is a dimensionless constant which has 
values of the order of unity to as large at 1016 and is dependent on 
thermodynamic variables. 10 There is ample evidence that for many materials the 
value of n may change from 3 to 7 at higher stresses 10 ( dislocation creep) and to 
about 1 at lower stresses (Nabarro-Herring or Coble creep ). 11 
Initially during creep testing, the strain rate slows with increasing strain. This is 
known as primary creep, which is graphically shown in Figure 1.4.1. Secondary 
or steady-state creep is when the strain rate eventually reaches a minimum and 
becomes near-constant. This regime is considered to be the most well 
understood of the three creep regimes. The "creep strain rate" commonly 
discussed in the literature is typically the rate in this secondary stage. The stress 
dependence of this rate depends on the creep mechanism. As shown in Figure 
1.4.1, during tertiary creep, the strain-rate exponentially increases with strain. 
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Figure 1.4.1. Generic creep curve showing the three stages of creep. 
In this present research on the two discussed tantalum alloys, the creep 
mechanism can be best described as dislocation creep; due to the relatively low 
exposure temperature and high applied stress. At these conditions creep is 
controlled by the movement of dislocations. 10 
When a stress is applied to a material, plastic deformation occurs due to the 
movement of dislocations in the slip plane. Materials contain a variety of defects, 
for example; solute atoms, which act as obstacles to dislocation motion. Creep 
arises from this because of the phenomenon of dislocation glide. At lower 
temperatures dislocations within the lattice can kink or jog upon encountering 
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obstacles to their motion and move to an adjacent slip plane, thus allowing 
further deformation to occur. 
The focus of this research is on the low-temperature creep/stress rupture 
behavior of both T-111 and Ta-10%W that has been exposed to low-levels of 
neutron radiation. Since the early 1960s, there have been copious amounts of 
creep data generated regarding refractory alloys,6 which includes both T-111 and 
Ta-10%W at elevated temperatures. However, there is very little literature 
regarding the low-temperature creep behavior of these alloys and nothing in the 
literature regarding of the low-temperature creep/stress rupture behavior of T-111 
or Ta-10%W that has been exposed to low-levels of neutron radiation . 
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1.5 Low-Temperature Creep 
At temperatures less than 0.4 Tm, creep is governed by non-diffusion controlled 
mechanisms. 11 According to Garofalo 12 there are three thermally activated 
mechanisms that possibly control low-temperature creep in metals and alloys: 
1. Cross-slip 
2. Intersection of dislocations 
3. Lattice friction arising from Peierls forces 
The low-temperature creep/stress rupture behavior of both T-111 and Ta-10%W 
is affected by a combination of all three of these mechanisms. Therefore each 
will be address separately. 
1.5.1 Cross Slip 
Cross slip is restricted to screw dislocations. 13 To a screw dislocation, all 
directions around its axis look the same, and it can glide on any plane as long as 
it moves parallel to its original orientation. 13 Figure 1.5.1 depicts the cross slip of 
a screw dislocation from one slip plane to another. 
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Screw dislocation 
Cross slip plane 
Primary slip plane 
Figure 1.5.1. Cross Slip of a Screw Dislocation. 
Therefore, a screw dislocation can cross slip from one plane to another only if 
both planes contain a common slip direction. 13 A Burgers vector is a vector that 
denotes the amount and direction of atomic displacement which occurs within a 
materials lattice when a dislocation moves.13 The Burgers vector for screw 
dislocations are parallel to the dislocation line and for anisotropic materials, 
screw dislocations prefer certain crystallographic planes in which its energy is 
lowest. 12 The bee crystal structure has 48 possible slip systems including 
<111 >{11 O}, <111 >{112}, and <111 >{123} along which crystallographic slip can 
occur. 13 Some of these slip systems in the bee crystal structure are shown in 
Figure 1.5.2. 
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Figure 1.5.2. Slip systems in bee materials. 
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When dislocations gliding in a primary slip plane are arrested by a sessile 
dislocation (a dislocation with a Burgers vector not in the direction of slip thus is 
immobile under applied force) or other obstacles, their screw component can 
cross-slip into an intersecting plane which has a common slip direction with the 
primary slip plane. 12 
1.5.2 Intersection of Dislocations 
Another mechanism of low-temperature creep occurs when dislocations moving 
in the slip plane cut through other dislocations intersecting the active slip plane. 
This mechanism is called intersection of dislocations.13 The intersection of two 
dislocations results in a small step or jog in the dislocation line, which restricts 
the motion of the dislocations 13 and contributes to the reduction in the rate of 
secondary creep. 
1.5.3 Lattice Friction 
In bee crystals, for screw dislocations to glide from one plane to another they 
must overcome energy barriers, which requires high stress levels at low 
temperatures. 14 The resistance opposed by the lattice to this motion is called 
lattice friction, or Peierls stress, which is a function of the symmetry of the bee 
lattice and is not due to the nature of the chemical bonding of the atoms in the 
lattice. 14 
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Therefore, the mobility of screw dislocations is comparatively very low but 
strongly temperature dependent. 14 Thus, the activation energy for overcoming 
lattice friction is entirely a thermal process, and above 0.15 Tm the mechanical 
behavior of bee and fee materials becomes very similar. 14 
As strain increases during the transient phase of low-temperature creep there is 
experimental evidence shows that dislocation density also increases, thus 
indicating generation or multiplication of dislocations. This increase in dislocation 
density is observed at dislocation tangles and subboundaries with a relative 
decrease in dislocation density within the subgrains. However, this relative 
decrease within the subgrains does not compensate for the increased density at 
tangles and subboundaries. This indicates that multiplication of dislocations may 
occur by a process such a double cross-slip and that immobilization occurs at 
tangles or subboundaries. 12 
1.5.4 Dislocation-Point Defect Interaction 
In addition to the three thermally activated mechanisms that control low 
temperature creep, discussed in the Sections 1.5.1 though 1.5.3, it is necessary 
to also discuss the interaction dislocations with point defects within a material's 
lattice. As will be discussed in greater detail in Section 1.6, the effect of the 
collision of high-energy atomic particles, such as neutrons, will create interstitials 
and vacancies in metals and alloys. 13 Dislocations and irradiation produced 
point defects will interact elastically 13 and exert large strain fields in the lattice of 
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irradiated metals, thus pinning dislocations. The effects of the lattice strains 
produced by neutron irradiation damage is dependent on environmental 
conditions such as irradiation temperature and mechanical testing parameters 
that include testing temperature, and stress and strain rates. The effects of 
neutron radiation on alloys investigated in this research will be discussed in 
greater detail in Sections 2.2 and 2.3. 
1.5.5 Review 
As discussed, the primary mechanisms that control low-temperature creep in 
metals and alloys are: 
1. Cross-slip 
2. Intersection of dislocations 
3. Lattice friction arising from Peierls forces 
Each of these mechanisms involves the interaction of dislocations with other 
dislocations, intrinsic forces within the material's lattice or with other obstacles. 
In essence, low temperature-creep behavior of metals is a function of all three of 
these mechanisms. The focus of this research is to determine the influence of 
low levels of neutron irradiation on the mechanical properties of two specific 
tantalum alloys by determining the interaction of the material's dislocations with 
the lattice defects produced by radiation equivalent to that produced by a RTG 
during a mission lifetime. The following sections will discuss the overall effects of 
neutron radiation on materials. 
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1.6 Radiation Effects on Materials 
Ionizing radiation is either particle radiation or electromagnetic radiation in which 
an individual particle/photon carries enough energy to ionize an atom or molecule 
by completely removing an electron from its orbit. Figure 1.6.1 schematically 
shows the interaction of ionizing radiation (atomic ions-a, electrons-,8, photons-y, 
and neutrons-n). The ionizing radiation of interest during this research is neutron 
radiation because this is the type of ionizing radiation emitted by the 238Pu02 
encapsulated fuel in RTGs. Neutrons are particularly efficient at causing the 
following general types of radiation effects on materials: 
1 . Atomic Displacement - Displacement of atoms from their normal lattice 
position which may create vacancies and/or interstitials, or cause an 
interchange of dissimilar atoms in the lattice structure. 
2. Impurity Production - Transmutation of nuclei into other nuclei, which may 
be radioactive, through neutron capture (activation). 
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Figure 1.6.1. The interaction of ionizing radiation with materials. 
1.6.1 Atomic Displacement 
A major source of neutron irradiation damage in metals is the displacement of 
atoms from their normal lattice sites. Specific to neutrons, atomic displacement 
occurs when a neutron elastically collides with an atom and ejects it from its 
normal lattice position.15 The ejected atom is known as a primary knock-on, 
which, in turn, may cause a cascade of atomic displacements before eventually 
coming to rest. Figure 1.6.2 schematically shows how a displaced atom can 
become an interstitial and how the position the atom formerly occupied becomes 
a vacancy. Together the interstitial and vacancy are referred to as a Frenkel pair. 
Additionally, some displaced atoms can lead to secondary displacements. For 
example, the displaced atom may collide with and replace another atom within 
the structure of the material. 
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Figure 1.6.2. Displacement damage created by an incident neutron on a 
material lattice. 
This displacement of atoms by irradiation is described in terms of displacements 
per atom (dpa), which is a measure of the average number of times an atom is 
displaced from its lattice position. 15 The number of dpa associated with a 
particular irradiation depends on the amount of energy deposited in the material 
by the neutrons. 
1.6.2 Impurity Production 
In addition to displacement damage, a neutron can be absorbed by an atom of 
the irradiated alloy, resulting in a transmutation reaction that produces a new 
metal atom and hydrogen and/or helium gas atoms within the alloy being 
irradiated. Indications are that small amounts of new metal atoms have little 
effect on properties. 15 
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The s-process or slow-neutron-capture-process occurs at lower fluxes, on the 
order of 105 to 1011 (n/cm2-s). Although the irradiation of the materials studied in 
this research occurred at slightly higher flux, it is still considered an s-process. 
Under these conditions the rate of neutron capture by atomic nuclei is slow 
relative to the rate of radioactive beta-decay. This process produces stable 
isotopes. The s-process differs from the more rapid r-process and the proton-
capture or p-process in terms of reaction pathways. 
Figure 1.6.3 graphically shows, using dark arrows, the reaction path of the s-
process in the region of the hafnium, tantalum and tungsten isotopes. The stable 
hafnium, tantalum and tungsten nuclei capture a neutron, thus producing 181 Hf, 
1a2Ta and 1a1w. 
z w s-process 
w r-process 
[Q] p-process 
r-process 
r-process 
D stable 
D . > 10·:, yrs 
D unstable 
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N 
Figure 1.6.3. Reaction path of the s-process in the region of the Hf, Ta and W 
isotopes. 
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Table 1.6.1 shows the half-life, decay mode, decay energy and daughter nucleus 
of the created isotopes. Decay energy is the energy equivalent to the difference 
in atomic mass between the nuclide undergoing radioactive decay and its 
daughter nuclide, all in their nuclear ground states. 
Irradiated Parent Decay Mode Decay Daughter 
Parent Half -Life Energy Nucleus 
Nucleus T112 (MeV) 
1a1Hf 
72 42.39 days P-:100% 1.030 1a1Ta 73 
1a2Ta 
73 114.43 days P-: 100 % 1.814 1a2w 74 
1a1w 
74 23.9 hours P-: 100 % 1.311 1a1Re 75 
Table 1.6.1. Half-life, decay mode, decay energy and daughter nucleus of the 
created Hf, Ta and W isotopes. 
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1.7 Summary 
The previous sections were intended to provide sufficient background regarding 
the primary focus of this research during the investigation of the effects of low 
level neutron radiation on the two primary tantalum alloys (Ta-10% W and T-111) 
used to encapsulate 238Pu02 fuel in some radioisotope power system 
applications. 
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CHAPTER II 
LITERATURE REVIEW 
"I start where the last man lefl off." - Thomas A. Edison 
2.1 Overview 
Historically, the objectives of the majority of the research associated with 
studying the effects of irradiation on materials has been focused on the 
characterization of the damage process in structural materials during the 
operation of nuclear reactors. 16 
As a result, the prevailing assumptions regarding the effects of low fluence levels 
of neutron radiation that produces correspondingly low levels of irradiation 
damage (<0.001 dpa) on the tantalum alloys used in radioisotope powers 
systems are at most negligible. 16 Other bee refractory metals such as niobium 
and molybdenum have been widely investigated, however, studies on the low-
level radiation response of tantalum is quite limited. Thus, there is little if any 
published data at the lower damage levels (<0.000001 dpa) that are associated 
with the 238PuO2 fuel in RTGs. Dr. Steven Zinkle (Corporate Fellow and director 
of Oak Ridge National Laboratory's Materials Science and Technology Division) 
reinforced this observation during a visit and stated that only the effects of 
neutron irradiation on the physical and mechanical properties of Ta-10%W and 
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T-111 at fluence levels > 0.001 dpa are well characterized. 16 Figure 2.1.1 is a 
graph provided by Dr. Zinkle that presents tensile elongation vs. displacement 
damage (dpa) of Ta-10%W after neutron irradiation at 70°C. 16 It should be noted 
that no data is shown for displacement damage less than 0.001 dpa. The line 
labeled "Total Elongation" between 35% and 4% is extrapolated. But this is the 
principle area of interest regarding displacement damage associated with 238Pu 
fueled RTGs, which is the thrust of this research. Although the effects of neutron 
irradiation on these materials require further investigation at the lower fluence 
level, Dr. Zinkle did state that minor effects on the ductility of these alloys should 
be observed.16 
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2.2 Effects of Neutron Irradiation on Metals 
All metals have a crystalline microstructure whose atoms are arranged in a well-
defined lattice where each atom has an equilibrium position. Ideally, there should 
be no imperfections in the atomic arrangement. However, imperfections exist due 
to the presence of impurities and alloying elements. Further irregularities can be 
introduced by plastic deformation, as any alteration in the regularity of the lattice 
will alter the properties of a material. Microstructural defects on the atomic level 
will lead to macrostructural defects.17 
Neutron radiation tends to "destroy" crystal order which alters properties by 
producing several types of defects. The most important material damage types 
leading to failure are atomic displacement and gas production. 17 
Atomic displacements are the fundamental process of radiation damage in 
metals. They result from the transfer of kinetic energy as a charged particle 
passes through matter and elastically collides with an atom thus displacing it 
from its lattice position. As previously mentioned, vacancy-interstitial pairs 
(Frenkel defects) are formed when energetic particles collide with atoms, ejecting 
them from stable lattice sites. These displaced atoms finally lose their energy and 
occupy positions other than normal lattice sites, thus becoming interstitials.15 
The presence of interstitials and vacancies makes it more difficult for dislocations 
to move through the lattice, usually increasing the strength and reducing the 
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ductility of a material. 13·15 The production of Frenkel defects is the dominating 
cause for property changes in irradiated materials. 17 
Early studies on highly irradiated metals (>1.0 dpa) clearly demonstrated that 
irradiation at low temperatures (<100°C) produced pronounced hardening, which 
is typically accompanied by a severe decrease in uniform plastic elongation as 
measured in uniaxial tensile tests. 18 This decrease in tensile ductility associated 
with low temperature neutron irradiation was the topic of numerous studies 
performed in the 1960s, and the phenomenon was commonly referred to as low 
temperature radiation embrittlement. 18 
These initial efforts in the 1950s and 1960s led to many studies regarding the 
effects of moderate to high levels of irradiation (0.001 - 10.0 dpa) on the creep 
behavior of metals and alloys. The results show that the effect of irradiation on 
the resistance to creep is complicated in character because it is a function of 
both temperature and strain rate. Strain-hardening, is an increase in mechanical 
strength due to plastic deformation. At low temperatures, dislocations do not 
anneal out of the material, but their density continues to increase as the material 
is strained. 19 The interactions of the increasing density of dislocations results in 
a corresponding increase in strength and reduction in ductility. The strain-
hardening effect of irradiation manifests itself at testing temperatures below 0.5 
T m-19 
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Strain-hardening is more pronounced in metals irradiated at low temperature due 
to increases in matrix hardness as the presence of radiation-induced defects that 
act as obstacles to dislocation motion increase. 18 Depending on the level of 
irradiation, there can be a five-fold increase in the density of screw dislocations 
which is accompanied by a decrease in strain rate during creep. 19 
Overall, the existing mechanical properties database is very limited for irradiated 
tantalum alloys, especially at the fluence levels of interest to the present 
research . However, some qualitative trends for tantalum alloys may be inferred 
from the larger database on irradiated vanadium alloys.23 
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2.3 Effects of Neutron Irradiation on Tantalum Alloys 
Consideration of tantalum alloys for space nuclear power systems must include 
an understanding of possible changes in mechanical properties due to potential 
irradiation damage. To date, there are very few reports in the literature on the 
mechanical properties of irradiated tantalum and tantalum alloys.22 The minimum 
work that has been reported was performed at high fluence levels (>0.001 dpa), 
which is commensurate with the fluence levels associated with fission or fusion 
reactors. What can be extracted from the literature shows that results tend to 
follow trends seen in the behavior of other BCC alloys under irradiation.22 These 
high neutron fluence levels and the resulting lattice damage reported in the 
literature are often several orders of magnitude greater than the corresponding 
fluence levels and lattice damage associated with the 238PuO2 fuel in RTGs. 
Regardless of these "gaps" in knowledge, Ta-10%W and T-111 are the preferred 
tantalum alloys for space nuclear power applications due to their favorable 
physical and mechanical properties and compatibility with 238PuO2 fuel. 20 
However, potential issues exist that could limit their use such as: 
- Unknown lower operating temperature limits due to radiation 
embrittlement; 21 
- Uncertainties in long-term thermal and neutron irradiation stability of the 
precipitates responsible for high creep strength; 21 
- Lack of recent industrial experience in fabricating tantalum alloys.4 
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In general, exposure of BCC alloys to neutron irradiation typically causes a 
significant increase in strength at low temperatures (<0.3T m) with a 
corresponding reduction in elongation, 21 which is generally pronounced even for 
doses as low as ~1 dpa.22 However, there are no known mechanical studies in 
the literature of irradiated T-111 at irradiation temperatures up to 650°C (<0.3T m) 
for: 
- Yield and ultimate strength;22 
- Stress rupture and creep;22 and 
- Ductile to brittle transition temperature. 22 
Additionally, there are very few studies on the mechanical properties of refractory 
alloys irradiated and tested at temperatures above 0.3T m• There are no known 
fracture toughness measurements on high temperature refractory alloys of 
molybdenum, tungsten and tantalum following neutron irradiation at any dose or 
temperature.23 The Charpy V-notch impact database on irradiated high 
temperature refractory alloys is also virtually nonexistent.23 
What the literature shows is that significant radiation hardening has been 
observed in Ta-(8-10%)W alloys irradiated at 415°C and 640°C to a fluence of 
1.9x1026n/m2, whereas very little hardening occurred at an irradiation 
temperature of 800°C.23 This neutron fluence level is commensurate with a 
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fluence level associated with a fission or fusion reactor and results in a neutron 
displacement damage of 2.5 dpa in Ta (10 dpa in steel). 23 Since the matrix 
hardening in Ta-(8-10%)W at 415°C and 640°C is well above the level which 
produces brittle behavior in vanadium alloys, it is likely that Ta alloys are 
embrittled at these irradiation conditions.22 What this means is that the effect of 
radiation damage effectively anneals out in tantalum-tungsten alloys at 
temperatures above 800°C (-0.3 Tm)-
The "gaps" in knowledge regarding the effects of low fluence levels of neutron 
radiation and the corresponding low levels of neutron displacement damage 
(<0.001 dpa) in Ta-(8-10%)W alloys form the foundation of the focus of this 
thesis research. 
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2.4 Experimental Motivation 
The fundamental motivation for deriving and proving a hypothesis that takes into 
account the effects of low levels of irradiation on the mechanical properties of 
materials used in Radioisotope Power Systems is the major deficiency of 
experimental data that covers the spectrum of materials, irradiation and thermal 
conditions associated with Radioisotope Power System designs. 
It is clear that Radioisotope Power Systems components with design lifetimes of 
up to ~30 years cannot reach end-of-life fluence levels in laboratory experiments. 
This necessitates the expedited use of high neutron fluences in order to simulate 
a 30-year mission life under laboratory conditions. 
Historically, design validation activities of structural materials for radioisotope 
power systems have included accelerated pressure burst testing of inert 
capsules. 24-25 This is performed on pressurized capsules to extrapolate values 
for the expected end-of-life pressure that result from the production of helium 
from the decay of 238Pu.25-26 However, this has limitations since there has always 
been significant variability in the qualification of pressure burst data as it is not 
fully predictive, and most importantly, it may not explicitly incorporate material 
aging or irradiation effects.25 In essence, these tests do not simulate real world 
applications. 
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Tantalum alloys need significant research and development in areas such as 
fabrication and irradiation effects before being qualified for use in Space Nuclear 
Radioisotope Power Systems.27 
The application of short irradiation times using higher neutron flux testing 
reactors, such as the Ohio State Research Reactor (OSURR), can provide data 
that corresponds the neutron fluence levels associated with the 30-year mission 
life of a RTG. However, the acute irradiation exposure from a fission reactor may 
not yield identical material responses as a chronic exposure from a 30-year 
exposure to 238PuO2. However, for the purposes of this research the relative 
difference in the effects on the mechanical properties in Ta-1 O¾W and T-11 due 
to acute versus chronic neutron radiation exposures is considered to be 
negligible. 
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CHAPTER Ill 
RESEARCH OBJECTIVES 
"A problem well stated is a problem half-solved. " - Charles Kettering 
The long term effects of neutron fluence levels commensurate with the 30-year 
mission life of a RTG on the mechanical properties of T-111 and Ta-10%W are 
not known. The 238PuO2 fuel in a RTG produces significant amounts of alpha-
particles and neutron displacement damage. Alpha-particles (helium ions) are 
produced by the radioactive decay of 238Pu and result in increasing pressure 
within the encapsulation layer of an RTG as the unit ages. The potential material 
"damage" from the emitted neutrons from the 238PuO2 fuel is a function of the 
proximity to the 238PuO2 fuel to the encapsulation layer of T-111 or Ta-10%W. As 
previously discussed, the lack of fundamental understanding of the effect of 
"RTG levels" of neutron irradiation on the deformation and failure mechanisms in 
two tantalum alloys (T-111 and Ta-10%W) at irradiation temperatures below 
350°G led to the initiation of this research. The objectives of this research are: 
1. To characterize the low-temperature creep deformation and failure modes 
and to develop low-temperature creep/stress rupture data for irradiated 
Ta-10%W and T-111. 
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2. Neutron Irradiation - To elucidate the interaction of neutron irradiation 
damage and low-temperature creep/stress rupture mechanisms for T-111 
and Ta-10%W, which are not thoroughly discussed in literature or studied 
in detail. 
3. Irradiation Temperature - To determine the effects of the interaction of 
irradiation fluence and temperature on the mechanical properties of 
irradiated Ta-10%Wand T-111. 
Achievement of these objectives will provide a basic understanding of the 
strength mechanisms of two tantalum alloys (Ta-10%W and T-111) resulting from 
neutron radiation at temperatures below 350°C. This will enhance the level of 
understanding of potential irradiation hardening mechanisms in both Ta-10%W 
and T-111 alloys. 
The results this research will enable more confident extrapolation of relevant 
mechanical-property trends of T-111 and Ta-10%W encapsulation materials for 
neutron irradiation doses and internal pressure levels which correspond to actual 
RTG service lifetimes. This should provide space power system designers with 
information and material options for future applications that will support ambitious 
long duration and higher power space related missions. 
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3.1 Thesis Statement 
Changes in the response of the mechanical properties of tantalum alloys Ta-
10%W and T-111 resulting from exposure to low-levels of neutron irradiation 
(<1016 nvt) at temperatures less than 350°C can be predicted by analysis of the 
dislocation network of both materials. 
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CHAPTER IV 
EXPERIMENTAL METHODS 
"Research is what I'm doing when I don't know what I'm doing." 
- Wernher Von Braun 
4.1 Material Characterization 
Conducting a characterization of the starting materials for this research is 
important to ensure that they have similar microstructural, chemical, and physical 
properties. All of the materials used in this research were in their fully 
recrystallized state in order to minimize any anomalous variability of the response 
of the mechanical properties to the effect of neutron irradiation. 
The three main aspects of the characterization of both tantalum alloys (Ta-10%W 
and T-111) used this research are: grain size, microhardness and determination 
of the recrystallization state. Additionally, these materials were purchased by the 
USDOE in the 1970's in support of space power systems applications and were 
certified by the manufacturer and the USDOE to meet specification. Therefore, a 
full chemical analysis was not conducted. Table 4.1.1 shows the chemical 
specification limits for tantalum, Ta-10%W and T-111.5 
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Material C N 0 H Fe Ni Mo w Hf Ta 
Tantalum <300 <150 <300 <100 <200 <200 - <300 - Bal. 
8.5 -
Ta-10W <50 <50 <100 <10 <100 <100 <300 - Bal. 
11% 
7.0 - 1.8 -
T-111 <50 <50 <100 <10 <50 <50 <200 Bal. 
9.0% 2.4% 
Table 4.1.1. Specification for composition of Tantalum, Ta-10%W and T-111 
(ppm wt. %).5 
4.1.1 Grain Size 
Grain size is a measure of the areas or volumes of grains in a polycrystalline 
material, usually expressed as an average when the individual sizes are fairly 
uniform. Grain size is reported in terms of number of grains per unit area or 
volume, average diameter, or as a grain-size number derived from area 
measurements. 
A material's grain size is important because it has an affect on mechanical 
properties. Grain size of the sample materials was determined in accordance 
with ASTM Standard E11228 using a polished and etched sample and optical 
microscopy by means of Differential Interference Contrast (DIC) illumination. 
See Figures 4.1.1 and 4.1.2 for micrographs showing the grains structure of the 
Ta-10%W and T-111 starting materials. 
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The grain size for the Tantalum alloy samples used in support of this research 
are shown in Table 4.1.2. 
Grain Mean 
Material Size28 Intercept 
Ta-10%W ASTM6 48 µm 
T-111 ASTM 7 34 µm 
Table 4.1.2. ASTM Grain Size of the Materials used in this Research. 
Figure 4.1.1. Photomicrograph of Representative Ta-10%W Sample 
M icrostructu re. 
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Figure 4.1.2. Photomicrograph of Representative T-111 Sample Microstructure. 
4.1.2 Microhardness 
Microhardness testing used an indentation method for measuring the hardness of 
a material on a microscopic scale. For this research, a precision diamond 
indenter was impressed into the material at a load of 500 g. The impression 
length, measured microscopically, and the test load was used to calculate a 
hardness value. 
The indentations were made using a Vickers microhardness tester with a square-
based pyramid indenter (Vickers hardness scale). The hardness impressions 
were precisely located with the microscope to perform tests on microscopic 
features. The hardness values obtained are useful as an indicator of materials 
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properties and expected service behavior. Conversions from microhardness 
values to tensile strength and other hardness scales (e.g. Rockwell) are available 
for many metals and alloys. 
The Vickers hardness values for the tantalum alloy samples used in support of 
this research are shown in Table 4.1.3. 
Material Hardness (HVsoo) 
Ta-10%W 241.7 
T-111 278.9 
Table 4.1.3. Vickers Harness of the Materials used in this Research. 
4.1.3 Recrystallization State 
A fully recrystallized grain structure is largely strain-free and characterized by 
few, if any, dislocations within the grains and no concentrations of dislocations at 
grain boundaries. The mechanical properties of a recrystallized metal are those 
of the original, unstrained metal, except when changed by differences in grain 
size and preferred orientation. Recrystallization is also accompanied by a further 
decrease in stored energy, as measured calorimetrically, as well as by a 
complete elimination of residual stresses. 
The recrystallization temperature of tantalum-tungsten alloys depends on the 
amount of cold- or warm-work and also on the working time. The temperature to 
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fully recrystallize 75% cold-worked T-111 has been reported to be 1650°C for a 
1-hour anneal. 22 A comparison of the hardness values for Ta-10%W and T-111 
with Figures 4.1.3 and 4.1.4, respectively, confirms that both the Ta-10%W and 
T-111 materials used in this research are fully recrystallized. 
ANN~LI~ TEMP · C 
1200 1300 1400 150C JMX 
7 ·!1 ' ----.-------------------T:i - 10\\' 
CR 0 . 060 JN SHEET• 
95;~ RCD 
1-
f,,,,--+---- - --- ---- --+ t< f::CR YST :\ LL z ~ I u 
I' -++------- -
,: Ur----,..---
HA.H.D:-:ESS I Ui.J; 
I 
;;;.. 
1-----...... -------1 Sl: Z Q 
f-
~ 
....: 
- --+,,.t--- ~c,---~ .I(; 
< 
t:; 
>-
::::::: 
u 56._ __ ........., __ _____. _______ __. __ _ 
0 ~ 
AS 
ROLLI::D 
2192 2Ji:l 2552 ::!732 ~91:! 
Figure 4.1.3. Effect of Annealing on Hardness of Ta-10%W.5 
46 
. 
"' 
"' Cl)
C 
"'C 
-
Annealing temperature, ° F 
As 2800 
worked 2000 2400 3200 440 ,-------,-.,......-r---.----.,-~-----. 
z 280 r--------t-------,-r---~'c'1-~------1 
90% cold 
work 
200 .____...______._ __ .__ __ _J 
As 1000 1500 2000 
worked 
Annealing temperature, °C 
Figure 4.1.4. Effect of Annealing on Hardness of T-111 .5 
47 
4.2 Test Specimen Preparation 
All metallurgical and test specimens were obtained from 0.051 cm thick sheet 
stock via Wire Electrical Discharge Machining (WEDM). Figure 4.2.1 shows a 
representative section of the sheet material after completion of the WEDM 
process that resulted in the formation of mechanical test specimens and "cutouts" 
that were used for other non-destructive and destructive analyses. The length of 
the mechanical test specimens is parallel to the rolling direction of the starting 
sheet materials. The prepared mechanical test specimens are 7.62 cm long with 
a gauge length of 2.54 cm and a gauge width of 0.635 cm. The grip area is 
1.575 cm long by 1.575 cm wide. 
This type of specimen meets the requirements of ASTM Standard E829 and is in 
accordance with ASTM Standard E13930 . The specimen's size has little effect on 
the material's creep and rupture properties, provided that the material is not 
anisotropic or has been subjected to an environment to results in any appreciable 
surface corrosion . 
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Figure 4.2.1. A section of sheet material after WEDM of mechanical test 
specimens and "cutouts ." 
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4.3 Test Specimen Cleaning 
T-111 is sensitive to very small amounts of contamination by iron, copper and 
zinc.6 In order to ensure that residual brass from the WEDM does not introduce 
any anomalous variables into the testing results, all of the test specimens were 
thoroughly cleaned by immersing the samples in a commercial concentrated 
nitric acid solution (about 70% HNO3) heated to 100°C. 
The redox reaction between copper metal and concentrated nitric acid is 
complex, and depends on the concentration of the nitric acid and the temperature 
of the reaction mixture. Initially, with the concentrated nitric acid solution, the 
reaction is: 
[4.3.1] 
The mixture becomes green colored due to complexes of Cu2+ and NO2 being 
formed, and brown fumes are evolved. When the acid becomes more dilute as 
the reaction proceeds, reduction to NO is likely. None of this affects the eventual 
outcome, which is a solution of copper(II) aqua ions and nitrate ions together with 
the aqua ions of [Cu(H 2O)6]2+ and [Zn(H2O)6]2+_ Once the residual brass was 
dissolved the samples were submersed in a hot distilled water bath (~ 90°C), 
thoroughly rinsed with distilled water, rinsed with isopropyl alcohol and then 
allowed to air dry. 
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In accordance with the cleaning procedure for tantalum alloy components used 
on RTG components provided by Oak Ridge National Laboratory (ORNL), the 
samples were then ultrasonically degreased for 10 minutes in EW-18100-01, 
Cole-Parmer® Micro-90® cleaning solution. This concentrated cleaning solution 
works at any concentration, rinses clean and safely replaces chromic acid, which 
is the preferred initial acid cleaning agent for tantalum and tantalum alloys. After 
degreasing, the samples were submersed in a distilled water bath, thoroughly 
rinsed with distilled water, rinsed with isopropyl alcohol and then allowed to air 
dry. The samples where then acid cleaned for three minutes in a volume mix of 
20% HNO3, 10% HF, 70% distilled water; then submersed in a distilled water 
bath, thoroughly rinsed with distilled water, rinsed with isopropyl alcohol and then 
allowed to air dry. Once the samples were cleaned they were not wiped with 
paper or cloth or handled without the use of lint free gloves. 
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4.4 Oxidation Behavior Determination 
Oxygen contamination of Ta-10%W and T-111 during irradiation and mechanical 
testing can yield misleading test data. The main concern with oxygen 
contamination in the Group V metals (vanadium, niobium and tantalum) is 
oxygen absorption. The absorption of a few atomic percent of oxygen (1 at. % = 
892 ppm) in tantalum increases hardness, tensile strength, and modulus of 
elasticity, but decreases elongation and reduction in area.31 
In bee metals and alloys such as Ta-10%W and T-111 it has been observed that 
the average oxygen concentration in sheet specimens is directly proportional to 
time and oxygen pressure and inversely proportional to the specimen thickness 
with no observable surface reaction product. 31 
The oxygen absorption rate of metals at high temperatures {> 0.3 Tm) and 
oxygen partial pressures greater than 1 atm is limited by the diffusion rate of 
oxygen in the metals under investigation. However, at lower temperatures{< 0.3 
Tm) the absorption of oxygen is surface-reaction limited.32 
Unfortunately, the highly specialized tensile and creep testing that is capable of 
testing refractory alloys at elevated temperatures (> 0.3 Tm) in a vacuum (< 10-5 
torr) are only available at a few locations including Oak Ridge National 
Laboratory and NASA Glenn Research Center. Additionally, the technical 
obstacles associated with irradiating specimens in a vacuum in the Ohio State 
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Research Reactor (OSURR) were too complex to be resolved within the 
timeframe of this research. Therefore, the focus of this research was bound by 
oxidation threshold temperatures of the two selected tantalum alloys. 
4.4.1 Experimental Procedure 
The objective of this experiment is to assess the effects of low temperature(< 0.3 
Tm) oxidation of Ta-10%W and T-111 in air and minimal oxygen pressure 
environments on mechanical properties of these alloys. 
To determine the oxidation behavior of the Ta-10%W and T-111 specimens used 
in this research, as outlined in Section 4.2, test specimens were obtained from 
0.051 cm thick sheet stock via Wire Electrical Discharge Machining (WEDM). 
Figure 4.2.1 shows a representative section of the sheet material after 
completion of the WEDM process that resulted in the formation of mechanical 
test specimens and "cutouts." For the purposes of the oxidation experiment, 
multiple "cutouts" were used with separate cutouts being employed for different 
temperature runs. 
Oxygen concentration was determined by measuring weight change . The test 
samples were weighed and heated in a furnace in atmospheric laboratory air at 
300°C and 400°C. At periodic intervals the samples were removed from the 
furnace , weighed and then reinserted into the furnace . 
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Additionally, in order to validate that the mechanical properties of the specimens 
used in this research are unaffected by the atmosphere associated with 
irradiating specimens in the Ohio State Research Reactor (OSURR), a T-111 
specimen was heated to 350°C for four hours in an inert atmosphere that 
contained ~1000 ppm 02. The specimen was then creep tested at 25°C with a 
load of 620 MPa so that the results could be straightforwardly compared to those 
of the experimental design matrix outlined in section 4.7.2. 
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4.5 Test Specimen Irradiation 
4.5.1 Determination of Irradiation Parameters 
The 238-Plutonium isotope has a spontaneous fission rate of 1.1 x 103 fission/s-g 
and a very high heat output of 0.567 W1/g. Also, it has very high alpha activity 
(283 times higher than 239-Plutonium) and a specific activity of 17.5 Ci/g, which 
makes it a much higher source of neutron emission from the alpha----►n reaction. 
The Department of Energy specification for 238-Plutonium Dioxide Fuel Pellets33 
allows a maximum neutron emission rate of 6000 neutrons/s-g of 238-Plutonium. 
A hypothetical RTG design that contains 2500g of 238-Plutonium will have a total 
neutron emission rate of 1.5 x 107 neutrons/s. Extrapolated to the expected 30-
year lifespan of a RTG, the total neutron emission is approximately 1.5 x 1016 
neutrons. Assuming the material is 1.0 cm from the fuel surface the total neutron 
fluence is approximately 1.2 x 1015 neutrons/cm2 (nvt). During this research it 
was determined that a four-hour exposure in the OSURR produced a neutron 
fluence of approximately 1.2 x 1015 nvt. 
Ta-10%W and T-111 specimens were irradiated at two temperatures, 25°C and 
350°C, to a neutron fluence of 1.2 x 1015 nvt. Exposure to neutrons causes 
radiation damage in the target material that is dominated by displacements within 
the atomic structure and is described quantitatively by the number of 
displacements per atoms (dpa) over a certain period of time. The level of dpa 
depends on the level of the particle flux as well as on the flux spectrum since the 
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damage energy cross section is energy dependent. Based on available data by 
Broeders and Konobeyev34 the estimated damage imparted to the irradiated Ta-
10%W and T-111 specimens are in the low 10-7 dpa range. 
4.5.2 Irradiation Facility 
The test samples were irradiated at The Ohio State Nuclear Test Laboratory 
using the OSURR. The OSURR is a low-enriched uranium (LEU) fuel (19.5% 
enriched U3Si2) reactor, which has a licensed operating power of 500 kW and a 
thermal neutron flux of approximately 1.5x 1013 neutrons/(cm2-sec). Figure 4.5.1 
shows the OSURR in operation at full power. The glow in and around the reactor 
is Cherenkov radiation, which is the electromagnetic radiation emitted when a 
charged particle passes through the water at a speed greater than the speed of 
light in water. 
Figure 4.5.1. The OSURR at full power. 
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The OSURR experimental facilities include: 
- 1.3" Central Irradiation Facility (CIF) 
- Two 6" beam ports 
- 2" rabbit tube 
- 3.5" Auxiliary Irradiation Column (AIC) 
For the purposes of this research, irradiation occurred in the 3.5" Auxiliary 
Irradiation Column (AIC) of the Ohio State Research Reactor (OSURR), shown in 
Figure 4.5.2, in an inert thermal environment that replicates the operating 
environment within a RTG. Samples irradiated for 4 hours in the AIC were 
exposed to a neutron fluence of 1.2 x 1015 nvt, which is roughly equivalent to the 
exposure materials experience during the 30-year lifespan within a 238PuO2 
fueled RTG. Fluence (or integrated flux) is the product (or integral) of particle or 
radiation flux and time, expressed in units of particles (neutrons) or energy per 
square centimeter. 
4.5.3 Test Specimen Irradiation 
In accordance with the Design of Experiments in Sections 4.6.2 and 4.7.2 the Ta-
10%W and T-111 mechanical test specimens and cutouts, prepared per Section 
4.2, were separated into four groups for the experimental runs. Table 4.5.1 
shows the grouping of the experimental runs. 
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Irradiation 
Group Irradiation Level Temperature (nvt) (OC) 
1 0 25 
2 0 350 
3 1.2X1010 25 
4 1.2 X 1010 350 
Table 4.5.1. Grouping of the experimental runs for the OSURR. 
Since the specimens and cutouts in Groups 2 through 4 would be exposed to the 
reactor environment, it was considered prudent to place all the samples of each 
group together and wrap them with tantalum foil secured by tantalum wire. The 
intent was to mitigate and/or minimize any potential environmental effects 
associated with the inert atmosphere in the 3.5" Auxiliary Irradiation Column 
(AIC). The samples of each group were randomly stacked, alternating each layer 
between Ta-10%W and T-111. All individual and tantalum wrapped specimens 
were handled with lint free cloths and gloved hands to prevent contamination 
from human body oils and other potential laboratory contaminants. To minimize 
moisture and oxygen contamination, the tantalum foil wrapped groups specimens 
were then stored in a portable storage container that was evacuated and 
backfilled 5 times each with argon gas. 
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To heat the specimens within in the reactor's AIC to the appropriate test 
temperature a Watlow full cylindrical ceramic fiber heater (shown in Figure 
4.5.2B) was employed with a Cole-Palmer Digi-Sense advanced temperature 
controller and an Omega four channel data logger. The ceramic fiber heater, has 
an iron-chrome-aluminum heating element and ceramic fiber insulation made of 
an alumina-silica composition, held together by an inorganic binder. The ceramic 
fiber heater, prior to experimental use, was baked-out at 900°C for 8-hours to 
minimize the potential for contamination of the tantalum wrapped specimens. 
Figure 4.5.2. A) OSURR at full power with AIC shown in foreground; B) Watlow 
ceramic heater with thermocouples and electric cabling attached. 
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The cylindrical ceramic fiber heater used to irradiate the test specimens was 
wrapped with 0.102 cm thick cadmium sheet material to suppress thermal flux. 
Cadmium has a large absorption cross-section for neutrons below 0.4 eV and 
drops off to a negligible level above this energy. Thus, cadmium shielding 
effectively removes "thermal" neutrons below the "cadmium cutoff energy" of 0.4 
eV and provides away to differentiate the thermal and epithermal neutrons. 
Figure 5.3.1 in the Results and Discussion chapter of this research shows the 
suppression of the thermal (Maxwellian) flux component quite clearly. 
Approximately, 95% of the flux has energy above the cadmium cutoff energy of 
0.4 eV. Therefore, the majority of the neutron flux used to irradiate the test 
specimens is mostly epithermal flux. 
There were a total of three reactor runs; one with the reactor at zero power 
(Group 2) and two at full power (Groups 3 and 4). For each reactor run the 
appropriate group of samples were loaded into the ceramic fiber heater and 
lowered into the AIC. The AIC was then sealed with a 24 inch long Teflon plug 
that provided a feed-through for the umbilical cable, which is comprised of two 
Type K high-temperature monitoring thermocouples, one Type K high-
temperature control thermocouple, the ceramic fiber heater electrical cable, and 
the argon purge and atmospheric monitoring tubing. 
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Figure 4.5.3. The Pl lowering the cadmium wrapped experiment package into 
the AIC at the OSURR. 
Before powering up the ceramic fiber heater and the reactor, the AIC was purged 
with commercially pure argon gas. The oxygen levels were continuously 
monitored using a MSA Passport PIO II gas monitor. Once an oxygen level of 
<1000 ppm 0 2 was achieved the ceramic fiber heater was powered up to the 
appropriate test temperature. After the appropriate test temperature for the 
specimens located in the ceramic fiber heater was achieved and stabilized, the 
sequence to bring the reactor online was initiated. At this stage the Passport 02 
monitor was turned off due to concerns of contaminating the monitor with 
radiogenic argon, which was activated in the AIC by thermal neutrons produced 
while the reactor was in operation. Although the 0 2 levels were not actively 
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monitored, the AIC was continuously purged with argon at approximately 1 
liter/min during operation of the reactor. 
The reactor was operated at a full power level of 450 kW, which yielded a 
neutron flux of 8.23 x 1010 nv. The experiments were run at full power for 
duration of 4-hours each, which produced a total fluence of approximately 1.2 x 
1015 nvt (8.23 x 1010 nv multiplied by 14400 s) for each run. As discussed 
previously, this neutron fluence level is equivalent to the cumulative fluence 
associated with the 30-year mission life of a RTG 
4.5.4 Gamma Spectrometry 
Gamma (y) spectroscopy is a radiochemistry measurement method that 
determines the energy and count rate of gamma rays emitted by radioactive 
substances. The method of y-spectrometry allows the qualitative and quantitative 
analysis of the radionuclides in a material by analyzing the energy spectrum of 
the y-quanta emitted after the ~- or a-decay of the radionuclides in the material. 
The equipment used in y-spectrometry includes a high-purity Ge (HPGe) 
detector, a pulse sorter (multi-channel analyzer), and associated amplifiers and 
data readout devices. The OSURR high-purity Ge (HPGe) detector system is 
located inside a copper-lined, lead-brick housing and used to detect y-rays. 
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Once each irradiation run was complete the test specimens were allowed to 
remain in the AIC for approximately two weeks. This allowed sufficient time for 
the short-lived high-energy isotopes (1 87W) generated during the reactor run to 
decay to stable non-radioactive isotopes. After this "cooling off' period the 
samples were removed from the heater/AIC and were measured using a hand-
held radiation monitor. The average surface dosimetry reading of each Group of 
specimens was approximately 2.0 rem/hr. The specimens were then separated 
and individually analyzed using a PC-based high-resolution y-spectroscopy 
system at the Ohio State Nuclear Test Laboratory to determine the isotope and 
activity levels of the test specimens. 
4.5.5 Safety 
Both the Primary Investigator and Dr. Dan Kramer were approved by the 
University of Dayton's Radiation Safety Committee to be "Authorized Users" of 
radioactive material. Additionally, a protocol for this research was written, 
submitted for approval, and approved by the aforementioned committee. The 
protocol outlines the use, storage, security, risks, hazards, exposure and 
monitoring techniques associated with handling the irradiated test specimens. 
Additionally, the University of Dayton's radioactive materials license was 
amended to include isotopes that were generated during this research. 
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4.5.5.1 Security Measures 
All irradiated test samples are stored in a lead shielded storage container within a 
locked repository (KL-142A), which is controlled by the University of Dayton's 
Office of Environmental Safety/Risk Management. Key control of this repository 
is strictly managed by the Environmental Safety/Risk Management Office and the 
Primary Investigator. Additionally a material control log is maintained that traces 
the material from arrival, testing and thru final disposition. 
4.5.5.2 Shipping 
All shipping of irradiated material from the Ohio State Nuclear Test Laboratory to 
the University of Dayton and from the University of Dayton to Oak Ridge National 
Laboratory were conducted in accordance with 49 CFR 173, which prescribes 
requirements to be observed in preparing hazardous materials for shipment by 
air, highway, rail, or water, or any combination thereof. 35 
4.5.5.3 Disposal of Irradiated Materials 
Once the research is complete, the irradiated samples will be packaged and 
shipped in accordance with DOT regulation 49 CFR 173 to The Ohio State 
Nuclear Test Laboratory, which has agreed to be responsible for the final 
disposition and disposal of the test samples in accordance with their waste 
disposal procedures and protocol. 
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4.5.5.4 Risk Mitigation 
Control measures are employed by the Primary Investigator to reduce the level of 
personnel radiation exposure as much as reasonably possible. These measures 
include, but are not limited to: training; employing ALARA (As Low As 
Reasonably Achievable) principles through time, distance and shielding; use of 
protective clothing when needed (i.e. gloves/laboratory smock); external radiation 
dosimetry; periodic room surveys; and implementation of administrative control 
and access measures to the material. 
Additionally, the Office of Environmental Safety/Risk Management has 
established Radiation Control Areas (RCA) in campus laboratories where the 
testing of the irradiated materials is conducted. RCAs are clearly marked and 
barricaded areas within a laboratory where access is restricted and requires 
enhanced controls for radiation exposure. 
Although all of the testing equipment necessary to complete this research is not 
located in one campus laboratory, the testing of irradiated samples may not 
occur in two campus laboratories simultaneously. This requirement was imposed 
by the Radiation Safety Committee to mitigate the necessity of managing multiple 
radiation control areas simultaneously and to reduce the probably of unintended 
radiation exposure to campus students and faculty. 
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4.6 Tensile Testing 
4.6.1 Set-up 
Set-up tensile tests were conducted at various temperatures and strain rates 
using an lnstron 55R1122 tensile test machine with a 1000 pound load cell 
(Figure 4.6.1 ), 200 lb capacity lnstron 2712-015 pneumatic side action grips 
(Figure 4.6.2), and lnstron Bluehill 2 software. The objective of these tests was 
to characterize the mechanical properties of the two alloys. Initially, two strain 
rates and test temperatures were selected and a design of experiments (DoE) 
was developed to determine the effects of the variables of irradiation levels, 
strain rate, and test and irradiation temperatures. However, due to limited 
availability of the tensile test facility and the desire to minimize personnel 
radiation exposure, it was determined that only one strain rate would be used. In 
accordance with Gourdin's work with T-111, a strain rate of 0.0017 s-1 was 
selected in order to elucidate any variation in the work hardening mechanisms 
resulting from the experimental variables. 36 Irradiated and non-irradiated Ta-
10%W and T-111 tensile specimens were tested at 25°C and 300°C. 
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Figure 4.6.1. lnstron 55R1122 Tensile Test Machine. 
67 
Figure 4.6.2. lnstron 2712-015 Pneumatic Side Action Grips. 
4.6.2 Experimental Design Matrix 
Originally, a 2v5-1 fractional factorial design of experiments was designed for the 
tensile experiments associated with this research. However, as discussed in 
Section 4.6.1, a single strain rate was selected thus reducing the number of 
factors from five to four. Therefore, the tensile experiments incorporated a 24 full 
factorial design of experiments37 as shown in Table 4.6.1. This allowed for a 
systematic and efficient approach to the experimentation and yielded relevant 
statistical information . There are several advantages with a factorial design 
compared to the more traditional one-factor-at-a-time approach. The two main 
advantages are: 
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a) The ability to detect and estimate interactions among the factors under 
study; and 
b) The possibility to reduce the number of tests necessary to obtain sufficient 
information. 
Test Irradiation Irradiation Tensile 
Condition Material Level Temp Temp 
Number (1015 nvt) (OC) (OC) 
1 Ta-10W 0 25 300 
2 T-111 0 25 25 
3 Ta-10W 1.2 25 25 
4 T-111 1.2 25 300 
5 Ta-10W 0 350 25 
6 T-111 0 350 300 
7 Ta-10W 1.2 350 300 
8 T-111 1.2 350 25 
9 Ta-10W 0 25 25 
10 T-111 0 25 300 
11 Ta-10W 1.2 25 300 
12 T-111 1.2 25 25 
13 Ta-10W 0 350 300 
14 T-111 0 350 25 
15 Ta-10W 1.2 350 25 
16 T-111 1.2 350 300 
Table 4.6.1. The 24 full factorial design of experiments matrix. 
In the full factorial design, shown in Table 4.6.1, the independent variables of 
irradiation fluence, irradiation temperature and tensile test temperature are varied 
simultaneously according to the factorial design matrix. Due to limited Ta-10%W 
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and T-111 material availability, the tensile experiments only incorporated one 
replication. 
Once the tensile testing was completed, the effects of the three separate 
independent variables (irradiation fluence, irradiation temperature and tensile test 
temperature) on the tensile properties of both Ta-10%W and T-111 were studied. 
An Analysis of Variance (ANOVA) was employed to determine the effect of each 
of the independent factors on the tensile properties of yield, UTS, modulus and 
elongation. To test the differences between individual sample means of yield, 
UTS, modulus and elongation, F-tests were performed as part of the ANOVA. 
The F-test is an overall test of the null hypothesis that group means of the 
dependent variable do not differ. It is also used to test the significance of each 
main and any interaction effects. The significance level, p, which indicates the 
probability that the differences observed in the data is due to chance, was 
chosen as 0.05. For all tests, p < 0.05 indicates that any differences in the yield, 
UTS, modulus and elongation are significant. 
4.6.3 Testing 
In accordance with Table 4.6.1, Ta-10%W and T-111 mechanical test specimens 
were tensile tested using an lnstron 55R1122 tensile test machine with a 1000 
pound load cell, 200 lb capacity lnstron 2712-015 pneumatic side action grips 
and lnstron Bluehill 2 software. A constant strain rate of 0.0017 s-1 was used to 
test all the specimens. A total of four irradiated and four non-irradiated Ta-10%W 
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and T-111 specimens were tested at 25°C and an equal amount of samples were 
tested at 300°C. To heat the specimens a Watlow MB1A1JN2-C12 Band Heater 
(Figure 4.6.3) was employed with a Cole-Palmer Digi-Sense advanced 
temperature controller. All heated specimens, were allowed to thermally 
equilibrate for 300 seconds before initiation of the test. The test duration was 
approximately 180 seconds depending on the sample elongation. All individual 
specimens were handled with lint free cloths and gloved hands to prevent 
contamination from human body oils and other potential laboratory contaminants. 
Figure 4.6.3. Watlow MB1A1JN2-C12 Band Heater. 
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4.7 Low-Temperature Creep/Stress Rupture 
4. 7 .1 Background 
Because tantalum and tantalum alloys are extremely sensitive to environmental 
contamination (such as oxidation, etc.), mechanical testing of these materials at 
elevated temperatures must be conducted using equipment also designed to test 
specimens in high-vacuum environments ( <1x10·5 torr). There are very few 
creep test units in the United States that are equipped to test materials at 
elevated temperatures while under high-vacuum conditions. 38 
For this research evaluation of the static tensile creep and stress rupture 
behavior was conducted at the UDRI High Temperature Mechanical Testing 
Laboratory. The High Temperature Mechanical Testing Laboratory houses 16 
high-temperature creep frames with furnaces capable of operating at 1600°C for 
extended periods. This facility employs a unique laser interferometry system to 
measure tensile strain. 
However, UDRI does not possess the capability to conduct elevated temperature 
creep testing in a high-vacuum (<1x10·7 torr) environment. As detailed in 
Sections 4.4 and 5.1, an analysis was conducted to determine the environmental 
effects, if any, of testing both Ta-10%W and T-111 in air at temperatures 
consistent with the service temperature (<400°C) of these materials in several 
power system applications. The analysis discussed in Section 4.4 and 5.1 shows 
that exposure in air at temperatures below 400°C for periods of time consistent 
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with the duration of this elevated temperature rupture testing does not have a 
deleterious effect on the mechanical properties of either T-111 or Ta-10%W. 
Therefore, tensile creep data was generated in air at temperatures less than 0.15 
Tm (~400°C) by measuring creep strain as a function of time, applied stress, and 
temperature. 
The stress rupture resistance was evaluated by continuing each creep test until 
the specimen ruptures. For each material investigated, a minimum of two 
temperatures and two stresses were used to establish the stress and 
temperature sensitivities of the creep and stress rupture behavior. 
4.7.2 Experimental Design Matrix 
Specific to the creep experiments associated with this research a 2v5-1 fractional 
factorial design37 of experiments was employed. In this experimental design no 
main effects are confounded with any 2-factor or 3-factor interactions. However, 
main effects are confounded with 4-factor interactions. In the fractional factorial 
design, shown in Table 4.7.1, the factors irradiation level, irradiation temperature, 
creep load, and creep temperature are varied simultaneously according to the 
generic factorial design matrix. Due to limited Ta-10% W and T-111 material 
availability, the low-temperature creep/stress rupture experiments incorporated 
only two replications. 
73 
Test Irradiation Irradiation Creep 
Condition Material Level Temp 
Creep Load 
Temp 
Number (1015 nvt) (OC) (MPa) (OC) 
1 Ta-10W 0 25 620 300 
2 T-111 0 25 620 25 
3 Ta-10W 1.2 25 620 25 
4 T-111 1.2 25 620 300 
5 Ta-10W 0 350 620 25 
6 T-111 0 350 620 300 
7 Ta-10W 1.2 350 620 300 
8 T-111 1.2 350 620 25 
9 Ta-10W 0 25 690 25 
10 T-111 0 25 690 300 
11 Ta-10W 1.2 25 690 300 
12 T-111 1.2 25 690 25 
13 Ta-10W 0 350 690 300 
14 T-111 0 350 690 25 
15 Ta-10W 1.2 350 690 25 
16 T-111 1.2 350 690 300 
Table 4. 7.1. The 2v5-1 fractional factorial design of experiments matrix. 
Once the low-temperature creep/stress rupture testing was completed, the 
effects of four separate independent variables (irradiation fluence, irradiation 
temperature, creep load and creep test temperature) on the low-temperature 
creep/stress rupture properties of both Ta-10%W and T-111 were studied. An 
Analysis of Variance (ANOVA) was employed to determine the effect of each of 
the independent factors on the low-temperature creep/stress rupture properties 
of rupture time, elongation and steady state creep rate. To test the differences 
between individual sample means of rupture time, elongation and steady state 
creep rate, F-tests were performed as part of the ANOVA. The F-test is an 
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overall test of the null hypothesis that group means of the dependent variable do 
not differ. It is used to test the significance of each main and any interaction 
effects. The significance level, p, which indicates the probability that the 
differences observed in the data is due to chance, was chosen as 0.05. For all 
tests, p < 0.05 indicate that any differences in the rupture time, elongation and 
steady state creep rate are significant. 
4.7.3 Creep/Stress Rupture Testing 
In accordance with the Table 4.7.1, Ta-10%W and T-111 mechanical test 
specimens were creep/stress rupture tested using four individual Applied Test 
Systems (ATS) model 2370 creep/stress rupture test systems (Figure 4.7.1 ). 
These ATS precision lever arm testers incorporate a number of enhanced design 
features allowing them to have a load accuracy of ±0.5%. The frames are 
equipped with a 20: 1 lever arm and were retrofitted with a novel video capture 
system for this research that incorporates an Intel CS430/CS431 PC camera 
coupled with Windows based personal computer. The video capture system has 
the capability to perform time lapse imaging set to user specified intervals and 
with a sensitivity to detect displacements as low as 6.35 x 10-5m. The developed 
video capture software compiles the images and stores them as a Windows 
compatible video file. The video capture system acquires the sample elongation 
on the load-pan side of the lever arm at periodic intervals. The compiled video 
for a given test is then converted to raw elongation/time data, which is suitable 
for analysis. 
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Figure 4.7.1. ATS model 2370 creep/stress rupture test system. 
A Watlow MB1A1JN2-C12 Band Heater (Figure 4.6.3) controlled by a Cole-
Palmer Digi-Sense advanced temperature controller was employed to heat the 
irradiated and non-irradiated Ta-10%W and T-111 specimens to 300°C. All 
sixteen specimens were allowed to thermally equilibrate for 300 seconds before 
initiation of each test. All thirty-two specimens were handled with lint free cloths 
and gloved hands to prevent contamination from human body oils and other 
potential laboratory contaminants. 
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4.8 Scanning Electron Fractography 
For the purposes of this research Scanning Electron Microscopy (SEM) is an 
essential tool for characterizing the fracture surfaces of irradiated and non-
irradiated Ta-10%W and T-111 tensile and/or stress rupture specimens. The 
fracture surfaces of the stress ruptured samples of irradiated and non-irradiated 
Ta-10%W and T-111 were examined using a JEOL JSM-840 SEM (Figure 4.8.1) 
to document any difference in the failure modes and/or mechanism due to effects 
of neutron irradiation. This research was conducted at the Metallography 
Laboratory at the University of Dayton Research Institute (UDRI), located in 
Dayton, Ohio. 
4.8.1 Sample Preparation 
Failure analysis specimens for SEM analysis were sectioned from irradiated and 
non-irradiated Ta-10%W and T-111 using a precision wire saw. Care was taken 
to collect any filings from the irradiated samples. These filing are stored with the 
remaining irradiated test specimens in KL-142A, and will remain there until 
shipped to the OSURR for disposal upon the termination of this research. The 
specimen sizes were approximately 0.63 cm wide x 0.31 cm long x 0.05 cm thick. 
In most cases the entire fracture surface was removed from the tested specimen. 
The samples were cleaned with methyl alcohol, dried and then secured to a 
JEOL specimen mount using conductive double sided adhesive discs. All 
individual specimens were handled with lint free cloths and gloved hands to 
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prevent contamination from human body oils and other potential laboratory 
contaminants. 
The JEOL JSM-840 is a thermal emission SEM with an accelerating voltage 
ranging from 200 V to 40 kV. Its magnification ranges from 1 Ox to 300kx with a 
resolution of 4 nm. 
Figure 4.8.1. JEOL JSM-840 SEM. 
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4.9 Transmission Electron Microscopy 
4.9.1 Background 
In support of this research, selecting analytical techniques that can obtain 
elemental surface analysis and surface imagery with high spatial resolution was 
employed to elucidate the hypothesis that T-111 exhibited increased levels of 
dislocation pinning from the interstitial defects resulting from the neutron 
irradiation displacement damage as compared to Ta-10%W. A Transmission 
Electron Microscope (TEM) coupled with Electron Diffraction and Energy 
Dispersive X-ray Spectroscopy (EDS) was selected. 
The Hitachi H-7600 TEM located in the University of Dayton's Nanoscale 
Engineering Science and Technology (NEST) Laboratory only has a maximum 
accelerating voltage of 120 kV. This TEM is designed specifically for applications 
in research fields such as biology, medicine, polymers and other advanced 
materials. Unfortunately, the accelerating voltage required to effectively conduct 
TEM analysis of high atomic number (Z) materials such as tantalum and tungsten 
is 200 kV. 
As a result, the Primary Investigator contacted the Materials Analysis User 
Center (MAUC) of the High Temperature Materials Laboratory (HTML) at Oak 
Ridge National Laboratory, located in Oak Ridge, Tennessee. This and five 
other user centers at HTML are available to researchers in industry, universities, 
and federal laboratories. 
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The TEM selected to support this research was a Hitachi HF-2000 field-emission 
gun transmission (FEG) TEM located at ORN L's HTML (Figure 4.9.1 ). This TEM 
has a 1-nm spatial resolution, an energy dispersed X-ray spectrometer (EDS), 
and a Gatan imaging filter/energy loss spectrometer. The sample preparation 
and microscopy was conducted under research proposal HTML20006-040 
pursuant to User Agreement UA-91-026 between UT-Battelle, LLC and the 
University of Dayton Research Institute. 
Figure 4.9.1. HF-2000 FEG-TEM. 
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4.9.2 Sample Preparation 
TEM samples were prepared utilizing one of the two methods: 1) electropolishing 
and 2) focused ion beam (FIB) micro-milling. 
1. Electropolishing was conducted utilizing a Struers TenuPol-3 device with 
an electrolytic acid solution of Methanl-7% Sulfuric Acid at -12/-15°C, 12v, 
a flow of 2.8 and a sensitivity of 8.5. In this process electrolyte flows from 
nozzles containing the cathode connections to the specimen that serves 
as the anode. Electropolishing is accomplished through the formation of 
an anodic film of electrolyte on the specimen surface. Through an electro-
chemical reaction, this film removes material from the specimen's surface. 
Due to the current distribution within the specimen, electropolishing results 
in an overall smoothing of the specimen surface. Cooling of the 
electrolyte and the specimen to low temperatures is highly beneficial 
because it slows the electropolishing process. This minimizes the heat of 
reaction on the specimen and prevents vaporization of the electrolyte. 
The specimen thickness in areas of analysis must be less than 100 nm. 
The thin foils were prepared by a double jet electropolishing. Several 3 
mm diameter cylinders were cut out from the long axis of the fracture 
specimen or along the rolling direction of the control samples. The 
cylinders were sectioned with a precision wire saw in order to obtain 
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representative specimens adjacent to the fracture surface for TEM 
analysis. 
2. Sample preparation on some samples employed a Hitachi FB-2000 FIB 
(Focused Ion Beam Micromill), which uses Gallium ions (Ga+) to 
preferentially remove material. This device allows for the simultaneous 
observation and cross sectioning of a sample at any specified location. 
One key advantage to this method of sample preparation is that both the 
FIB and TEM employ a common sample holder thus facilitating the 
handling of samples between the two systems. This prevents sample 
damage, contamination , cracking, or loss during sample transfer. 
Approximately 2-3 samples/day can be processed from FIB milling to TEM 
observation, which is larger by an order of magnitude than 
electropolishing. The specimen thickness is 50-60 nm. 
Unfortunately, the FIB process did not consistently yield samples suitable for 
microstructural analysis. The T-111 and Ta-10%W samples processed with 
focused ion beam showed amorphization damage by the ion beam. Instead of 
pursuing the development of parameters to remove the amorphization damage 
caused during the FIB preparation by "soft milling" it was decided to electropolish 
all the samples used in this research. 
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Dislocation substructures in the strained materials were studied using a 
transmission electron microscope (TEM) under an accelerating voltage of 200 
kV. Each thin foil was examined under varying tilt angles with respect to the 
electron beam. EDS analysis was performed using a fine electron probe of less 
than 2 nm in diameter with an average X-ray count time of 100 seconds. 
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CHAPTERV 
RESULTS AND DISCUSSION 
"There are two possible outcomes: If the result confirms the hypothesis, then 
you've made a measurement. If the result is contrary to the hypothesis, then 
you've made a discovery." 
- Enrico Fermi 
This chapter describes the mechanics for achieving the conclusions presented in 
this research. The organization and discussion of the results of this research are 
presented in a sequence that allows for the logical progression of the embedded 
analysis to show that the conclusions are defensible. 
84 
5.1 Oxidation Experiments of Ta-1 0¾W and T-111 
5.1.1 Weight Changes of Ta-1 0¾W and T-111 at 300°C and 400°C 
Changes in oxygen concentration of Ta-10%W and T-111 were determined as a 
function of time and temperature by heating separate specimens in a furnace in 
atmospheric laboratory air at 300°C and 400°C then measuring weight change of 
the specimens at periodic intervals. The raw data of these experiments are 
shown in Table 5.1.1. The Ta-10%W and T-111 specimens tested at 300°C were 
exposed to atmospheric laboratory air for a total of approximately 300 hours, 
whereas samples testing in the same environment at 400°C were exposed for a 
total of 480 hours. 
As shown in Figure 5.1 .1, the weight gains of Ta-10%W and T-111 samples due 
to oxidation in air (209,460 ppm 0 2) at 300°C and 400°C are initially parabolic 
and become linear with time. As shown is Figure 5.1.2, the oxidation rates at 
400°C for both materials are initially high but decrease rapidly over time, 
ultimately converging to a constant rate. 
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Time Mass Weight Weight Oxidn. Mass Weight Weight Oxidn. 
(hr) Ta10W Gain Gain Rate T-111 Gain Gain Rate 
(gr) Ta10W Ta10W Ta10W (gr) T-111 T-111 T-111 
(mg/cm2) (ppm 02) (ppm/hr) (mg/cm2) (ppm 02) (ppm/hr) 
300°c 
0 1.8624 0 0 0 1.7419 0 0 0 
2 1.8624 0.0000 0.00 0.00 - - - -
20 1.8624 0.0000 0.00 0.00 - - - -
44 1.8624 0.0000 0.00 0.00 - - - -
67 - - - - 1.7421 0.1346 157.73 2.35 
120 1.8624 0.0000 0.00 0.00 - - - -
307 - - - - 1.7422 0.2019 236.59 0.77 
310 1.8624 0.0000 0.00 0.00 - - - -
400°C 
0 1.9306 0 0 0 1.7080 0 0 0 
1 1.9306 0.0000 0.00 0.00 1.7080 0.0000 0.00 0.00 
4 1.9307 0.0625 72.72 18.18 1.7081 0.0659 77.26 19.32 
24 1.9310 0.2499 290.88 12.12 1.7082 0.1318 154.53 6.44 
48 1.9312 0.3749 436.32 9.09 1.7083 0.1978 231.79 4.83 
174 1.9315 0.5624 654.48 3.76 1.7085 0.3296 386.31 2.22 
480 1.9317 0.6874 799.92 1.67 1.7090 0.6592 772.63 1.61 
Table 5.1.1. Data of oxidation experiments on Ta-10%W and T-111 at 300°C 
and 400°C. 
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At 300°C the oxidation rate behavior of both materials is negligible. These 
results confirm that oxidation of Ta-10% W and T-111 at temperatures below 
400°C is non-diffusion controlled and primarily superficial. 
5.1.2 Effects of the Irradiation Environment on T-111 
Both materials show weight gains as a result of exposure to atmospheric 
laboratory air at 400°C, but this does not provide any verification of the effect of 
the <1000 ppm 0 2 at 350°C irradiation environment on the mechanical properties 
of the specimens used in this research. Therefore, a T-111 specimen was 
heated to 350°C for 4-hours in an inert atmosphere that contained <1000 ppm 
02. The specimen was then creep tested at 25°C with a load of 620 MPa. 
Figure 5.1.3 compares the low-temperature creep/stress rupture results of two T-
111 specimens tested at 25°C with a load of 620 MPa. The results represented 
by the solid line are from the specimen that was exposed to 350°C for 4-hours in 
an inert atmosphere that contained <1000 ppm 02; whereas the results 
represented by the dashed line are from a virgin non-irradiated T-111 specimen. 
Figure 5.1.3 shows that there is no significant difference in the data between 
these two samples. 
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Figure 5.1.3. Low-temperature creep/stress rupture results of two T-111 
specimens tested at 25°C with a load of 620 MPa. 
5.1.3 Summary 
1.0E+06 
In general, the weight gains of Ta-10%W and T-111 due to oxidation in air at 
temperatures less than 400°C are initially parabolic and become linear with time. 
Additionally, the oxidation rates 400°C for both materials are initially high but 
decrease rapidly over time ultimately converging to a constant rate. At 300°C the 
oxidation rate behavior of both materials is negligible. These results confirm that 
oxidation of Ta-10% W and T-111 at temperatures below 400°C is non-diffusion 
controlled and primarily superficial. These results are consistent with 
observations for the oxidation of tantalum. 39 
Furthermore, it is shown that heating T-111 specimens to 350°C in an inert 
atmosphere that contains ( <1000 ppm 02) has a negligible effect on the 
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mechanical properties of the specimens tested in this research. This is 
significant because it definitively demonstrates that changes in the mechanical 
properties of Ta-10%W and T-111 resulting from the 4-hour irradiation in the 
OSURR result from the effects of the neutron irradiation and not any potential 
oxidation effects associated with heating the specimens to 350°C in <1000 ppm 
02 atmosphere. 
90 
5.2 Gamma Spectrometry 
The Ta-10%W and T-111 specimens irradiated during this research were 
subjected to y-spectrometry to determine of the specific activity of the 181 Hf and 
182Ta isotopes formed as a result of the slow-neutron capture process. The 
resulting specific activities of 181 Hf and 182Ta were used to calculate the neutron 
fluence associated with the irradiation runs in the OSURR. 
The data shown in Appendix A are representative y-spectrometry results for 
irradiated Ta-10%W and T-111 mechanical test specimens respectively. 
Although the y-spectrometry results of all of the mechanical test specimens show 
the amount of radioactive activity in each sample, the cumulative data of all the 
samples has more relevance in demonstrating that the 49 CFR 173 
transportation requirements for radioactive material and the University of Dayton 
License for Radioactive Material are not exceeded during shipment and storage 
respectively. 
As a result of exposing Ta-10%W and T-111 to a neutron fluence level of 1.2 x 
1015 nvt, approximately 20 µCi/g of isotope 182Ta are formed in both Ta-10%W 
and T-111, and 0.2 µCi/g of isotope 181 Hf is formed in T-111 as a result of the 
slow-neutron capture process. 
The neutron spectrum, total fluence and material damage will be discussed in 
Section 5.3. 
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5.3 Neutron Damage 
5.3.1 Total Flux Determination 
Figure 5.3.1 is a histogram depicting the differential flux of the neutrons emitted 
by the OSURR versus the energy of those neutrons. Fundamentally, this 
spectrum represents the flux that the irradiated specimens were exposed to 
within the cadmium wrapped ceramic fiber heater in the AIC during operation of 
the reactor. This measurement was determined by: 
a) running the reactor at 50 kW and irradiating cadmium shielded copper, 
gold and cobalt wires; 
b) conducting y-spectrometry of the wires to extrapolate the reactor flux 
measurements; then 
c) scaling up the results to a reactor power of 450 kW, which is the power 
level used during the specimen irradiation experiments. 
The cumulative total flux was obtained by summing the flux over the range of 
energies, which yields a total flux of 8.23 x 1010 nv. Multiplying the total flux by 
the 4-hour irradiation time yields a total fluence of approximately 1.2 x 1015 nvt. 
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Figure 5.1.3. Differential Flux versus Energy of Research Experiment Package 
in the OSURR at 450 KW. 
The cylindrical ceramic fiber heater used to irradiate the test specimens was 
wrapped with 0.102 cm thick cadmium sheet material to suppress thermal flux. 
Cadmium has a large absorption cross-section for neutrons below 0.4 eV and 
drops off to a negligible level above this energy. As shown in Figure 5.3.1, the 
cadmium shielding effectively removes "thermal" neutrons below the "cadmium 
cutoff energy" of 0.4 eV. Approximately, 95% of the flux has energy above the 
cadmium cutoff energy of 0.4 eV. Therefore, the majority of the neutron flux 
used to irradiate the test specimens is mostly epithermal flux 
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5.3.2 Displacement Damage Calculation 
A major source of neutron irradiation damage in metals is the displacement of 
atoms from their normal lattice sites. Hence, an appropriate damage exposure 
index is the number of times, on the average, that an atom has been displaced 
during an irradiation. This can be expressed as the total number of displaced 
atoms per unit volume, per unit mass, or per atom of material. Displacements 
per atom are the most common way of expressing this quantity and are 
described quantitatively by the number of displacements per atoms (dpa) over a 
certain period of time. The dpa number associated with a particular irradiation 
depends on the amount of energy deposited in the material by the neutrons. 
The dpa for T-111 and Ta-10%W for this research was calculated using ASTM 
Standard E693-01.40 Although this practice is specific to iron, the general 
procedures apply to any material for which a displacement cross section crd(E) is 
known. Since the fluence rate spectrum is constant over the duration of the 
irradiation, the dpa of the materials used in this research is calculated as follows: 
Where: 
</>tot 
1/f 
CTd 
crTdam 
Ed 
1] 
t 
= 
= 
= 
= 
= 
= 
= 
Total neutron fluence of (n/cm2-s) 
Normalized fluence rate (n/cm2) 
Displacement cross section for a particular material (barns) 
Averaged damage energy cross-section (barns-keV) 
Effective threshold displacement energy (keV) 
Averaged defect production efficiency 
Irradiation time (s) 
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A considerable body of irradiated materials data has been reported by Broeders 
and Konobeyev34 and the data associated with the materials of interest to this 
research are shown in Table 5.3.1. The calculated dpa from equation 5.3.1 is 
also shown for both Ta-10%W and T-111 in Table 5.3.1. 
Damage 
Energy 
Neutron Production Defect Particle 
Element 
Displacement Cross Production Flux Irradiation DPA 
Enerqy Section Efficien:ft x1010 Time (s) x10·7 
(keV) 4 (barns- Factor (n/cm2-s) 
keV)34 
Ta 0.09 55 0.73 8.23 14400 2.64 
w 0.09 55 0.61 8.23 14400 2.21 
Hf 0.025 100 0.8 8.23 14400 19.0 
Ta-10%W 2.60 
T-111 2.94 
Table 5.3.1. Irradiated Materials Data and dpa Calculation for Ta-10%W and 
T-111. 
5.3.3 Discussion 
The approximate atomic displacement damage, described quantitatively by the 
number of displacements per atoms (dpa) over a certain period of time, for both 
T-111 and Ta-10%W irradiated test specimens is approximately 3.0 x 10-7 dpa. 
Irradiation with fast neutrons affects mechanical properties by: 
1. The formation of Frenkel defects (vacancy - interstitial pairs) and; 
2. The production of displacement spikes and possibly dislocations. 
At fluence levels below 3.0 x 10·19 nvt, lattice parameter and crystal density 
changes suggest that Frenkel defects or very small cluster defects are formed. 41 
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Frenkel defects are couples of interstitial atoms and vacancies and play an 
important role in the physical and mechanical properties of solids. Since they can 
be induced by neutron irradiation, which knocks atoms out of their lattice 
positions, they are known to play an essential role in the radiation embrittlement 
of steels in nuclear devices. 42 
Under uniform stress Frenkel defects will contribute to the creep rate by their 
interaction with dislocations. The introduction of these lattice defects makes the 
glide movement of dislocations more difficult. Although Schoeck states that at 
temperatures below 0.5 Tm, a low concentration of Frenkel defects should not 
have a significant effect on the creep rate when the glide movement of 
dislocations is rate controlling,43 this is not a universal scientific fact. At low 
temperatures (<0.5 Tm), interstitial partners of Frenkel pairs are mobile and 
wander through the lattice. They can be trapped by impurities, other interstitials, 
or dislocation lines; and when any of these occur stable damage is retained in 
the lattice.41 It was shown by Saraev42 that the presence of point defects alters 
the deformation and fracture behavior of a-Fe single crystals. From the analysis 
of stress-strain curves it was concluded that the strength, i.e. the stress values of 
the respective stress-strain curves, decreases with increasing number of Frenkel 
defects. 
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5.3.4 Visible Defect Density 
Transmission electron microscopy (TEM) is a very powerful tool for investigating 
microstructural defects but it has limitations in investigating very low levels of 
atomic displacement damage (<0.0001 dpa) produced by neutron irradiation. 
This is because the low fluence levels associated with this research produce a 
low density of defects that are randomly distributed. According to Zinkle and 
Matsukawa,44 these lower density defects should have a diameters less than 3 
nm. 
Zinkle and Matsukawa44 confirm for both the FCC and BCC metals that most 
defects are not easily detectable in irradiated materials with atomic displacement 
damage below 1.0 x 10-4 dpa. The resulting small defect clusters, with diameters 
less than 3 nm, are generally too small to be seen by most current transmission 
electron microscopes (TEMs) due to defect invisibility resulting from poor 
contrast with the surrounding matrix. Foil thicknesses of -100 nm that are 
commonly used for conventional electron microscopy studies are too thick to 
accurately observe the small defect clusters produced by low temperature 
neutron irradiation. 
In order to determine the visible defect density of the atomic displacement 
damage imparted on the two tantalum alloys investigated in this research it is 
necessary to extrapolate irradiation dose data which is correlated with visible 
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defect accumulation. Unfortunately, there is insufficient neutron irradiation dose 
data that is correlated with visible defect accumulation for Ta or Ta-based alloys. 
However, Zinkle22 did estimate a neutron irradiation damage level ratio of 4:1 
between steel and tantalum. Additionally, defect accumulation behavior is 
initially linear at very low doses (<0.0001) dpa45 and approaches a constant 
density at high doses (>0.1 dpa).46 Based on observed trends from multiple 
sources there appears to be one order of magnitude higher visible defect cluster 
density for alloys than their base metals. Therefore, based on these observations 
the approximate observable defect density for Ta-10%W and T-111 can be 
estimated. 
Using Figure 5.3.2 as a guide, the following is the logical progression in 
estimating the visible defect density of irradiated Ta-10%W and T-111: 
a) Zinkle, et al.,45 reported the visible defect density of iron within a range of 
displacement damages from 10-4 to 1 dpa. 
b) Since defect accumulation behavior is linear at very low doses (<10-4 
dpa)46 the visible defect density for iron can be extrapolated for lower 
damage levels. In this case, down to 10-8 dpa. 
c) Zinkle22 states there is a neutron irradiation damage level ratio of 4:1 
between steel and tantalum, thus a correlation between displacement 
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damage and visible defect density can be conservatively calculated for 
tantalum from iron using the 4: 1 ratio. 
d) Finally, based on the observation that alloys present one order of 
magnitude higher visible defect cluster density than their base metals, a 
correlation between displacement damage and visible defect density for 
Ta-10%W and T-111 can be estimated as show in Figure 5.3.2. 
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Figure 5.3.2. Observable Defect Density versus Displacement Damage for Fe, 
Ta, Ta-10%W and T-111. 
Based on Figure 5.3.2 the estimated observable defect density for both Ta-
10¾W and T-111 for a displacement damage of 3.0 x 10-7 dpa is 7.35 x 1017 
defects/m3• In effect, this visible defect density means that one irradiation 
produced defect in the Ta-10%W and T-111 specimens studied in this research 
may be visible in the TEM images shown in Section 5.8. 
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Consistent with the observations of Zinkle and Matsukawa,44 it can be concluded 
that the defect clusters produced within irradiated Ta-10%W and T-111 
specimens used for this research may not be observerable using conventional 
TEM techniques. 
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5.4 Tensile Testing of Irradiated and Non-irradiated Specimens 
One objective of this research is to characterize the response of the tensile 
properties of yield strength, UTS, elastic modulus and elongation of both Ta-
10%W and T-111 to the variables of irradiation fluence , irradiation temperature 
and tensile test temperature. The tensile tests were conducted in accordance 
with the DoE outlined in Table 4.6.2, and the results are shown below in Table 
5.4.1. 
lrrad. 
Level lrrad. Tensile Modulus 
Test Sample (1015 Temp Temp Yield Tensile (107 Elongation 
# S/N Material nvt) (OC) (OC) (MPa) (MPa) MPa) (%) 
1 1C Ta10W 0 25 300 502.68 598.94 1.21 15.26 
2 T1C T-111 0 25 25 629.34 696.80 1.09 34.96 
3 2C Ta10W 1.20 108* 25 671 .65 731 .32 1.11 25.54 
4 T2C T-111 1.20 108* 300 442.57 527.53 1.22 24.75 
5 3C Ta10W 0 350 25 693.35 746.69 1.01 23.69 
6 T3C T-111 0 350 300 427.92 517.64 .095 23.03 
7 4C Ta10W 1.20 350 300 511 .69 617.55 1.07 15.35 
8 T4C T-111 1.20 350 25 664.37 740.98 1.15 29.17 
9 5C Ta10W 0 25 25 693.97 734.68 1.06 26.43 
10 T5C T-111 0 25 300 486.97 551.11 .097 26.20 
11 6C Ta10W 1.20 108* 300 548.67 599.08 1.65 15.15 
12 T6C T-111 1.20 108* 25 624.52 696.92 1.05 34.13 
13 7C Ta10W 0 350 300 516.04 607.53 1.07 15.28 
14 T7C T-111 0 350 25 644.15 723.17 1.00 32.77 
15 SC Ta10W 1.20 350 25 719.69 766.19 1.05 24.24 
16 T8C T-111 1.20 350 300 432.34 513.03 1.08 21.87 
Table 5.4.1. Tensile test results. * Note: 108°C is the result of self heating 
during irradiation. 
Figure 5.4.1 graphically represents the tensile test results of irradiated and non-
irradiated Ta-10%W samples. As can be observed from the data plots, the 
testing temperature has a significant impact on the yield strength, UTS and 
elongation of the specimens regardless of the level of neutron radiation 
101 
exposure. An increase in test temperature from 25°C to 300°C did not have an 
effect on the elastic modulus of Ta-10%W but the variation in test temperature 
did result in an approximate: 29% reduction in yield strength, a 20% reduction in 
UTS, and a 40% reduction in elongation. The variation in tensile test 
temperature, as shown in the results of the ANOVA in Appendix B, has a 
significant response on the dependent variables, which must be taken into 
consideration when assessing the significance of each main and any interaction 
effects. 
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Figure 5.4.1. Tensile test results of irradiated and non-irradiated Ta-10%W 
samples. The samples with a failure strain of 15% were tested at 300°C; 
samples with a failure strain of approximately 25% were tested at 25°C. 
0.30 
Statistical Analysis System (SAS) software47 was used to conduct an analysis of 
variance (ANOVA) for the Ta-10%W tensile tests. In addition to the statistical 
significance of varying the tensile testing temperature, the ANOVA indicated a 
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statistical difference in the effect of irradiation temperature vs. UTS (p = 0.0135). 
However, since this response is not reflected in the interaction of irradiation 
fluence level and irradiation temperature it appears that the response of 
irradiation temperature vs. UTS does not represent an actual significant 
difference. These results infer that the mechanical properties of Ta-10%W tested 
at 25°C and 300°C are unaffected when irradiated with a neutron fluence of ~1.2 
X 1015 nvt at both 25°C and 350°C. 
Figure 5.4.2 graphically represents the tensile test results of irradiated and non-
irradiated T-111 samples. Similar to Ta-10%W, the results show that tensile 
testing temperature has a significant impact on the yield strength, UTS and 
elongation of the specimens regardless of the level of neutron radiation 
exposure. An increase in tensile test temperature from 25°C to 300°C did not 
have an effect on the elastic modulus of T-111, but the variation in test 
temperature results in an approximate: 31 % reduction in yield strength, a 28% 
reduction in UTS, and a 25% reduction in elongation. As shown in the results of 
the ANOVA in Appendix B, the variations in tensile test temperature has a 
significant response on the dependent variables, which must be taken into 
consideration when assessing the significance of each main and any interaction 
effects. 
Statistical Analysis System (SAS) software47 was also used to conduct an 
analysis of variance (ANOVA) for the T-111 tensile tests. In addition to the 
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statistical significance of varying the tensile testing temperature, the ANOVA 
indicated a statistically significant difference in the effect of: 
a) Irradiation fluence level vs. elongation (p = 0.0467); and 
b) Irradiation temperature vs. elongation (p = 0.0087). 
These results infer that the tensile property of elongation of T-111 tested at 25°C 
and 300°C are affected when irradiated with a neutron fluence of ~1 .2 x 1015 nvt 
at both 25°C and 350°C. The yield strength, UTS and elastic modulus of T-111 
are unaffected by the research parameters for irradiation fluence and irradiation 
temperature. 
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Figure 5.4.2. Tensile test results of irradiated and non-irradiated T-111 samples. 
The samples with a failure strain between 22-26% were tested at 300°C; 
samples with a failure strain between 29-35% were tested at 25°C. 
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5.4.1 Discussion 
Referring to Figure 2.1.1, which is a comprehensive literature graph obtained 
from Dr. Zinkle that presents tensile elongation vs. displacement damage (dpa) 
of Ta-10%W after neutron irradiation at 70°C. 16 It shows that no data regarding 
displacement damage at a level less than 0.001 dpa was found in literature, 
therefore the line labeled "Total Elongation" between 35% and 4% is 
extrapolated. 
Figure 5.4.3, which includes data obtained from this research, graphically depicts 
the tensile elongation vs. displacement damage (dpa) behavior of Ta-10%W and 
T-111 after neutron irradiation. The referenced data points above 1.0 x 10-3 dpa 
are from the literature, 16•22 and the data points below 3.0 x 10-7 dpa are based on 
the results of this research. The dashed lines between the known data points 
represent the Primary Investigator's hypothesized behavior of both alloys to 
increasing levels of displacement damage. 
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Figure 5.4.3. Tensile elongation vs. displacement damage (dpa) behavior of Ta-
10%W and T-111. The dashed lines represent the Primary Investigator's 
hypothesized behavior of both alloys. 
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5.5 Low Temperature Creep/Stress Rupture Testing of Irradiated and Non-
irradiated Specimens 
The objective of these tests are to characterize the response of the rupture time, 
elongation at rupture and steady state creep rate of both Ta-10%W and T-111 to 
the variables of material (hafnium level), irradiation fluence, irradiation 
temperature, creep load and creep test temperature. The low-temperature 
creep/stress rupture tests were conducted in accordance with the DoE outlined in 
Table 4.7.2, the results of which are shown in Table 5.5.1. 
Steady 
lrrad. State 
Level lrrad. Creep Creep 
Test Sample (1015 Temp Load Temp Rupture Elong. Rate 
# S/N Matl. nvt) (DC) (MPa) (DC) Time (s) (cm) (mis) 
9 5A/5B Ta10W 0 25 690 25 5.35E+03 0.5583 1.51 E-06 
5 3A Ta10W 0 350 620 25 ** ** 3.37E-10 
1 1A/1 B Ta10W 0 25 620 300 3.00E+00 0.3203 1.07E-03 
13 7B Ta10W 0 350 606 300 1.10E+02 0.2344 2.13E-05 
3 2A Ta10W 1.20 108* 620 25 ** ** 4 .13E-10 
15 8B/10A Ta10W 1.20 350 690 25 3.46E+05 0.4394 1 .48E-08 
11 6A Ta10W 1.20 108* 634 300 5.00E+00 0.3531 7.06E-04 
7 4B Ta10W 1.20 350 606 300 6.86E+02 0.2306 3.36E-06 
2 T1A/T1B T-111 0 25 620 25 1.59E+05 0.7173 2.13E-08 
14 T7A/T7B T-111 0 350 690 25 6.03E+02 0.3543 1.26E-06 
10 T5B T-111 0 25 490 300 3.36E+02 0.5601 1.67E-05 
6 T3B T-111 0 350 496 300 6.30E+04 0.5062 8.03E-08 
12 T6A/T6B T-111 1.20 108* 690 25 1.20E+02 0.7069 1.89E-05 
8 T4A/T4B T-111 1.20 350 620 25 1.19E+07 0.6269 1.36E-10 
4 T2B T-111 1.20 108* 496 300 2.01E+02 0.5169 1.54E-05 
16 T8A/T8B T-111 1.20 350 496 300 3.13E+04 0.4671 8.34E-08 
Table 5.5.1. Creep/stress rupture test results. Notes: * denotes, due to self-
heating during irradiation; ** denotes, did not fail. 
The 108°C irradiation temperature shown in table 5.5.1 is the result of the 
specimens "self-heating" during the reactor run. "Self-heating" results from the 
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transfer of energy from the neutrons emitted from the OSURR reactor core 
during irradiation to the T-111 and Ta-1 OW specimens located in ceramic fiber 
heater within the AIC. Specific to this reactor run, the ceramic heater was 
turned-off with the initial temperature of 25°C. Once the reactor run was initiated, 
the specimens continued to self-heat until a thermal equilibrium was established 
at 108°C. 
Similar to the results of this research associated with tensile testing, the 
creep/stress rupture test temperature has a dramatic impact on the response of 
the rupture time, elongation at rupture and steady state creep rate for low-
temperature creep/stress rupture tests conducted on both Ta-10%W and T-111. 
The sensitivity of both alloys to the variation of creep/stress rupture test 
temperature at the 300°C level is sufficiently high enough that the statistical 
response of both alloys to this test temperature overwhelms the alloy's 
responses to the remaining independent variables. Therefore, the statistical 
analysis will only address the responses of both Ta-10%W and T-111 to low-
temperature creep/stress rupture at the test temperature of 25°C. 
Figure 5.5.1 graphically represents the low-temperature creep/stress rupture test 
results of irradiated and non-irradiated Ta-10%W samples tested at 25°C with a 
load of 690 MPa. As can be seen from the plots, there are differences in the 
response of rupture time, elongation at rupture and steady state creep rate 
between the irradiated and non-irradiated Ta-10%W specimens. In general at 
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his load, the differences in the low-temperature/stress rupture behavior between 
irradiated and non-irradiated Ta-10%W are manifested in an approximate; two-
order of magnitude increase in rupture time, a 21 % reduction in elongation at 
rupture, and a two-order of magnitude reduction in steady state creep rate. 
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Figure 5.5.1. Creep/stress rupture test results of irradiated (88/1 0A) and non-
irradiated (5A/5B) Ta-10%W samples tested at 25°C with a load of 100 ksi. 
Figure 5.5.2 graphically represents the low-temperature creep/stress rupture test 
results of irradiated and non-irradiated T-111 samples tested at 25°C with a load 
of 620 MPa. In contrast to the results for Ta-10%W shown in Figure 5.5.1, the 
responses of rupture time, elongation at rupture and steady state creep rate for 
the irradiated and non-irradiated T-111 specimens are a result of a lower static 
load and hence are more significant. In general, the differences in the low-
temperature/stress rupture behavior between irradiated and non-irradiated T-111 
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are manifested in an approximate: two-order of magnitude increase in rupture 
time, a 13% reduction in elongation at rupture, and a two-order of magnitude 
reduction in steady state creep rate. 
It should be noted that although the differences in the low-temperature/stress 
rupture behavior between irradiated Ta-10% W and T-111 ostensibly appear very 
similar, the variations in the order of magnitude responses of rupture time and 
steady state creep rate are much more significant in T-111 than in Ta-10%W. 
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Figure 5.5.2. Creep/stress rupture test results of irradiated (T 4A) and non-
irradiated (T1A/T1 B) T-111 samples tested at 25°C with a load of 90 ksi. 
Statistical Analysis System (SAS) software47 was used to conduct an analysis of 
variance (ANOVA) on over 20,000 hours of low-temperature creep/stress rupture 
data of irradiated and non-irradiated Ta-10%W and T-111 specimens. 
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Specifically, responses of rupture time, elongation and steady state creep rate 
were analyzed based on the dependent variables of irradiation level, irradiation 
temperature, and creep load and test temperature. The results of the ANOVA, 
shown in Appendix C, indicate statistically significant differences in the effects of: 
a) Hafnium level (i.e. difference between Ta-10%W and T-111) vs. rupture 
time (p = 0.0460); 
b) The interaction of irradiation fluence and irradiation temperature vs. 
rupture time (p = 0.0472) 
c) Creep load level vs. rupture time (p = 0.0225) 
d) Hafnium level (i .e. difference between Ta-10%W and T-111) vs. steady 
state creep rate (p = 0.0567); 
e) The interaction of irradiation fluence and irradiation temperature vs. steady 
state creep rate (p = 0.0572) 
f) Creep load level vs. steady state creep rate (p = 0.0284) 
Although a significance level of p < 0.05 was selected as the primary indicator of 
a statistical difference in the responses of rupture time, elongation and steady 
state creep rate, the two responses noted above with a significance levels of p = 
0.0567 and 0.0572 are considered significant. 
These experimental results show that the rupture time and steady state creep 
rate of both Ta-10%W and T-111 tested at 25°C are affected when irradiated with 
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a neutron fluence of ~1.2 x 1015 nvt at both 25°C and 350°C. Additionally, the 
results demonstrate that the response of rupture time and steady state creep rate 
for T-111 are more pronounced than for Ta-10% W. Whereas the effects of 
research parameters associated with irradiation level, irradiation temperature, 
creep load and test temperature on the elongation at rupture of both alloys are 
not considered statistically significant. 
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5.6 Development of Steady-State Creep Model 
Various standard analytical techniques were applied to the steady state creep 
data of both irradiated and non-irradiated T-111 and Ta-10%W specimens. This 
was preferred to gain a better insight into the creep mechanisms, and to develop 
a predictive model for determining the secondary creep rates for these materials 
in the temperature regime of 25-300°C and stress ranges and 496-690 ksi that 
were employed in this research. 
5.6.1 Apparent Activation Energy for Creep 
Although the relevance of apparent activation for creep (Ee) at temperatures less 
than 0.3 Tm is somewhat unclear, from a basic material property perspective, its 
determination is necessary in order to correlate the creep data with a stress 
function. The strain rate at a constant stress usually increases exponentially with 
temperature in accordance with an Arrhenius-type relationship. Thus, the 
apparent activation energy for creep is determined using the following formula: 
[5.6.0) 
Where, R is the ideal gas constant (8.3145 J/mole-K) and T is the testing 
temperature in degrees Kelvin. Apparent activations energies for creep were 
calculated using equation 5.6.0 and the results are presented in Figures 5.6.1 
and 5.6.2. The results show a linear relationship over the ranges of 
temperatures investigated. The apparent activation energies for creep of 
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irradiated and non-irradiated T-111 and Ta-10%W are the slopes of the plots 
shown in Figures 5.6.1 and 5.6.2, respectively. 
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Figure 5.6.1. Determination of Apparent Activation Energy for Creep of 
Irradiated and Non-irradiated T-111. 
45.00 
The apparent activation energies for creep of irradiated and non-irradiated T-111 
and Ta-10%W are shown in Table 5.6.1. Because the activation energies shown 
in Table 5.6.1 are so close in value it was determined that an average of 57.28 
kJ/mole would be used for both materials and both radiation conditions when 
calculating the stress function in Section 5.6.2 and determining the minimum 
creep rate equations in Section 5.6.3. 
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Figure 5.6.2. Determination of Apparent Activation Energy for Creep of 
Irradiated and Non-irradiated Ta-10%W. 
Material lrrad. Level a Ee (1015 nvt) (MPa) (kJ/mol) 
T-111 0 620 57.19 1.20 56.98 
Ta-10%W 0 620 74.75 1.20 60.11 
Ta-10%W 0 690 42.14 1.20 52.50 
AveraQe 57.28 
45.00 
Table 5.6.1. Apparent Activation Energies for Creep of Irradiated and Non-
irradiated T-111 and Ta-10%W. 
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5.6.2 Stress Function Determination 
The three primary stress functions commonly found in literature are: 11 
1. The power law - t oc a" 
2. The exponential Law - t oc e 8a 
3. The Sinh law - t oc [Sinh(aa)]" 
After significant analysis it was determined that the creep data associated with 
this research for both T-111 and Ta-10%W follow a hyperbolic sine relationship 
since it approximates the power law at low stresses and the exponential law at 
higher stresses. This is consistent with the observations of Sheffler, et al. 
regarding T-111.9 The following is the Sinh law equation: 
& = B [Sinh(aa)r e RT 
Where, 
B - Material dependent constant 
a - Material dependent constant 
[5.6.1) 
n - The stress function, the slope of plots shown in figures 5.6.3 through 5.6.6 
Ee - Apparent activation energy, from Table 5.6.2 
R - Ideal gas constant (8.3145 J/mole-K) 
T - Test temperature in Kelvin. 
As stated in Section 5.6.1 it was determined that an average of 57.28 kJ/mole 
would be used for both materials and both radiation conditions. Additionally, the 
material constant term, a = 9.6 x 10-3, was converted from the value Sheffler9 
reported for T-111, and was used for both T-111 and Ta-10%W. 
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In order to calculate the stress function it is necessary to plot temperature 
compensated strain rate versus [Sinh (aa)t for each material and condition 
(irradiated/non-irradiated). The slope of these plots are the stress function for the 
given material and condition. Once the slope of the temperature compensated 
strain rate versus [Sinh (aa)t plots (Figures 5.63 through 5.6.6) were 
determined, the next step was to calculate the material dependent constant 8. 
This was done by substituting in known parameters and strain rates into equation 
5.6.1 and solving for the constant 8. Table 5.6.2 outlines all the calculated 
variables associated with equation 5.6.1 for each material and condition. 
lrrad. 
Material Level B a n 
(1015 nvt) 
T-111 0 
4.33 X 10-,u 9.6 X 10-.; 5.14 
1.2 2.15 X 10-1() 9.6 X 10-.; 7.02 
Ta-10%W 0 7.40 X 10-
1
;.c 9.6 X 10-.:s 5.22 
1.2 7.20 X 10_,z 9.6 X 10-.; 5.27 
Table 5.6.2. Calculated variables associated with equation 5.6.1. 
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1.00E+03 
5.6.3 Minimum Creep Rate Equations 
As previously discussed in Section 5.6.2, for this research the hyperbolic sine 
relationship was used to describe the secondary creep rate for both T-111 and 
Ta-10%W. The following is the Sinh law equation for both alloys: 
-57280/ 
i = B [Sinh(9.6 x 10-3 o-)f e IRr [5.6.1 a] 
Where, 
B - Material dependent constant 
n - The stress function, the slope of plots shown in figures 5.6.3 through 5.6.6 
R - Ideal gas constant (8.3145 J/mole-K) 
T - Test temperature in Kelvin. 
Substituting in the determined stress functions (n) from Table 5.6.2 and solving 
for material constant B using the steady state creep data; the minimum creep 
rate (m/s) for both irradiated and non-irradiated T-111 and Ta-10%W can be 
described by the expressions: 
T-111 (non-irradiated) 
-57280/ 
£ = 4.33 x 10-10 [Sinh(9.6 x 10-3 o-)]5- 14 e IRT 
T-111 (Irradiated) 
-57280/ 
£ =2.16xl0-16 [Sinh(9.6xl0-3 o-)]7·02 e /RT 
Ta-10%W (Irradiated and non-irradiated) 
-57280/ 
£ = 7.30 x 10-12 [Sinh(9.6 x 10-3 o-)]5·25 e IRT 
for temperatures from 25 to 300°C and stresses between 496 to 690 MPa. 
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[5.6.2] 
[5.6.3] 
[5.6.4] 
5.6.4 Correlation of Minimum Creep Rate and Radiation Damage 
The next step is to correlate the minimum creep rate equations 5.6.2 through 
5.6.4 with the radiation damage calculated in Section 5.3.2 for both Ta-10%W 
and T-111. 
The analysis determined that the minimum creep rate equations for Ta-10%W do 
not show any significant difference due to the neutron irradiation exposures 
associated with this research. It is reasonable to hypothesize that the applied 
neutron irradiation threshold damage necessary to produce sufficient changes to 
the mechanical properties of Ta-10%W, thereby increasing the stress function, 
was not achieved at the fluence level of 1.2 x 1015 nvt. Therefore, no correlation 
was determined between radiation damage and the minimum creep rate equation 
5.6.4 for Ta-10%W. 
However, a correlation between radiation damage and minimum creep rate 
equation 5.6.3 can be established for T-111. As determined in Section 5.3.2, the 
approximate atomic displacement damage, described quantitatively by the 
number of displacements per atoms (dpa) over a certain period of time, for both 
T-111 and Ta-10%W irradiated test specimens is approximately 3.0 x 10-7 dpa. 
Therefore, the following mathematical relationship between the stress function 
and radiation damage is established: 
n OC /Jel+¢(dpa) 
123 
Where, 
n - The stress function 
{3 - Derived constant 
<p - Derived constant 
dpa - Approximate atomic displacement damage 
Using the stress functions derived for equations 5.6.2 and 5.6.3 and solving for 
the two constants /3 and <p the following equation is derived for the stress 
function: 
n = 1.891 Oel+dpa(l.04xl06) [5.6.5] 
which is valid in the temperature and stress ranges of 25 to 300°C, 496 to 690 
MP a for neutron damage levels between 10-7 to 10-6 dpa for T-111. 
Therefore, the minimum creep rate (m/s) for irradiated T-111 can be described by 
the expression: 
l+dpa(I 04xJ06 ) -57280/ 
& = (dpa)4.33 x 10-10 [Sinh(9.6 x 10-3 o-)]1.8910e · e IRT 
[5.6.6] 
for temperatures from 25 to 300°C, stresses between 496 to 690 MPa, and for a 
neutron damage levels between 10-7 to 10-6 dpa for T-111. 
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5.6.5 Discussion 
At the temperature and stress levels used in this research, the data reveals that 
the low temperature creep resistance of both alloys is sensitive to irradiation 
fluence. This effect is more pronounced in T-111 than in Ta-10%W. 
Additionally, the neutron irradiated T-111 specimens exhibited a two-order of 
magnitude decrease in the minimum steady state creep rate and a minor 
reduction in rupture strain at 25°C. 
The values of the stress functions in equations 5.6.2 through 5.6.4 suggest that 
rate controlling mechanism for steady state creep of these materials is 
dislocation glide. The increase in stress function from 5.14 to 7.02 for irradiated 
T-111 specimens further reinforces the conclusion that the fluence levels 
associated with this research have a pronounced effect on non-conservative 
dislocation motion for T-111. Additionally, the lack of change in the stress 
function between the irradiated and non-irradiated Ta-10%W specimens show 
that within the parameters of this research that neutron irradiation has a 
negligible effect on the creep properties of Ta-10%W. 
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5.7 Scanning Electron Microscope Fractography 
In this section, the fracture surface characteristics of the Ta-10%W and T-111 
creep specimens tested in this research and some of the mechanisms 
associated with the fracture modes will be presented. The discussion of 
mechanisms in this section will not include detailed dislocation models or 
complex mathematical treatment, because these will be addressed in the 
following sections. However, the discussion in this section will present the 
mechanisms in more general terms in order to gain a basic understanding of the 
basic fracture modes. 
In general, the SEM images, shown in Figures 5.7.1 through 5.7.4, taken of the 
fracture surfaces of the stress rupture tested specimens of irradiated and non-
irradiated Ta-10%W and T-111 exhibit a ductile failure mode based on the 
dimples observed throughout the fracture surfaces. All of the fracture surfaces 
are considerably rough and exhibit elongated dimples of various sizes with 
relatively flat regions in between. Such features are indicative of ductile failure 
mechanisms associated with uniaxial tests.48 
When an alloy is subjected to mechanical overload, it may fail by a process 
called microvoid coalescence, which is the result of complex slip. Voids nucleate 
at regions of localized strain discontinuity, mostly associated with second phase 
particles, inclusions, grain boundaries and dislocation pile-ups.49 With increasing 
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strain, the microvoids grow, coalesce and eventually form a continuous fracture 
surface, which is characterized by numerous cuplike depressions, also referred 
to as dimples.49 The failure mode of all creep specimens associated with this 
research can be classified as transgranular microvoid coalescence. 
What can be consistently observed between irradiated and non-irradiated 
specimens of both Ta-10%W and T-111 is the emergence of a bimodal 
distribution of the mean dimple size of both irradiated alloys when compared with 
their non-irradiated counterparts. 
5.7.1 Fractography of Ta-1 O¾W 
Figure 5. 7.1. SEM photomicrograph of fracture surface of a rupture tested non-
irradiated Ta-10%W sample (5C). 
As seen in Figure 5.7.1 the fracture surface of non-irradiated Ta-10%W has a 
fairly narrow dimple size distribution, 2 µm maximum estimated diameter. This 
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type of uniform fracture surface is characteristic of a ductile material. The 
photomicrograph in Figure 5.7.2 shows the fracture surface of irradiated Ta-
10%W. The micrograph shows a bimodal distribution of small and large dimples 
on the fracture surface and evidence of poorly defined cleavage facets 
connected by deeply indented dimples. The estimated mean dimple diameters 
are 2 µm and 7 µm. 
Figure 5.7.2. SEM photomicrograph of fracture surface of a rupture tested non-
non-irradiated Ta-10%W sample (SC). 
5.7.2 Fractography of T-111 
Similar to Ta-10%W the non-irradiated T-111 rupture tested sample shown in 
Figure 5.7.3 has a fairly narrow dimple size distribution, 3 µm estimated mean 
diameter, which is also characteristic of a ductile failure mode. The 
photomicrograph in Figure 5.7.4 shows the fracture surface of irradiated T-111. 
The micrograph shows a bimodal distribution of small and large dimples on the 
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fracture surface and evidence of poorly defined cleavage facets connected by 
deeply indented dimples. The estimated mean dimple diameters are <1 µm and 
7 µm. 
Figure 5.7.3. SEM photomicrograph of fracture surface of a ruptu re tested non-
irradiated T-111 sample (T1 C). 
Figure 5.7.4. SEM photomicrograph of fracture surface of a rupture tested 
irradiated T-111 sample (T4C). 
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5.7.3 Discussion 
The fracture surfaces of the irradiated alloys, which exhibit a statistical difference 
in elongation in T-111 (Section 5.4) and dramatic increase in rupture time 
(Section 5.5), clearly exhibit a more planar aspect with shallower dimples and 
poorly defined cleavage facets, when compared to their non-irradiated 
counterparts. This is indicative of materials that have experienced a loss of 
ductility.48 
It can also be seen that qualitative differences between the irradiated and non-
irradiated fracture surfaces are more pronounced in T-111 than in Ta-10%W. 
Although the fracture surface of the irradiated and non-irradiated samples are 
different, the failure mode of all samples are essentially transgranular and ductile. 
The fracture surface of the irradiated creep test specimens shown in Figures 
5.7.2 and 5.7.4 exhibit various dimple sizes. This variation in dimple size results 
from a non-uniform distribution of nucleating particles and the nucleation and 
growth of isolated microvoids early in the loading cycle,48 which is a function of 
the interaction between dislocations and small defect clusters, produced by low 
temperature neutron irradiation. This will be discussed in detail in Section 5.8.4. 
Another interesting observation regarding the irradiated fracture surfaces shown 
in Figures 5.7.2 and 5.7.4 is that deformation markings are visible on the dimple 
walls of both fractographs. These markings occur when slip-planes at the surface 
of the dimples are favorably oriented to the major stress direction and result in 
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slip-plane displacement at the surface of the dimple as deformation proceeds.48 
This suggests that transgranular fracture occurred by ductile rupture along 
coarse slip bands with ductile tearing between slip band fractures. This is 
another indication of a reduction of ductility in the irradiated samples due to the 
interaction between dislocations and small defect clusters , produced by low 
temperature neutron irradiation. 
phenomenon. 
Figure 5.7.5 schematically shows this 
t 
IJ 
---------- Wall of dimple 
---- Original dimple surface 
New, slip-created surface 
~- Preferably oriented 
slip planes 
Figure 5.7.5. Slip step formation resulting in serpentine glide and ripples on a 
dimple wall. 48 
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5.8 Transmission Electron Microscopy 
5.8.1 Microstructural Analysis of T-111 
Transmission electron microscopy is a vital tool because it enables the 
simultaneous examination of microstructural features through high resolution 
imaging and the acquisition of chemical and crystallographic information from 
submicron regions of the specimens.48 This information coupled with SEM and 
mechanical test data provides key information about deformation mechanisms. 
Figure 5.8.1 is a TEM image of virgin recrystallized T-111 showing a dislocation 
density of ~1010 m-2 . (See Section 5.8.3 for dislocation density determination). 
200 nm 
-.----
,,. 
Figure 5.8.1. Bright field TEM image of recrystallized T-111 . 
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., 
Figure 5.8.2. Bright field TEM image and electron diffraction pattern of a rupture 
tested non-irradiated T-111 sample. 
Figure 5.8.2 is a bright field TEM image and its corresponding electron diffraction 
pattern of a rupture tested non-irradiated T-111 sample. Figure 5.8.2 reveals that 
the dislocation activity in this T-111 specimen becomes apparent through the 
formation of characteristic cellular or subgranular patterns, where dislocations 
arrange in walls at the boundaries of cells/subgrains with relatively low internal 
dislocation density. The dislocation density of Figure 5.8.2 is ~1016 m-2 . Based 
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on the analysis of the diffraction pattern, this image was taken under a [112] 
zone-axis condition. 
Figure 5.8.3 is a reference [112] zone-axis diffraction pattern50 and stereogram 
centered on [112]. If properly oriented with Figure 5.8.2 the stereogram reveals 
that the cellular or subgranular patterns are oriented along the {11 O} family of 
planes. Wither51 established that a relationship exists between dislocation 
boundaries and slip planes. This relationship arises because slip planes and/or 
slip directions are roughly parallel to the macroscopically most stressed planes. 
This is scientifically significant because the dislocation densities and the 
predominate orientation of subgranular patterns, of T-111 and Ta-10%W used in 
this research, can be roughly correlated with their relative deformation behaviors 
and mechanisms. 
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Figure 5.8.3. Reference [112] zone-axis diffraction pattern and stereogram 
centered on [112]. 
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Figure 5.8.4 is a bright field TEM image of a rupture tested irradiated T-111 
specimen also taken under a [112] zone-axis condition. This image shows a 
dislocation density in the irradiated T-111 rupture tested specimen of 
approximately 5.0 x 1016 m-2. In comparison to the non-irradiated T-111 rupture 
tested specimen shown in Figure 5.8.2, this increase in dislocation density is also 
accompanied by a pronounced mosaic of cells/subgrains. Similar to Figure 
5.8.2, the mosaic of cells/subgrains of Figure 5.8.4 are oriented along {11 O} 
family of planes. The cells/subgrains oriented ~60° to the primary orientation of 
cells/subgrains appear to be on the (110) plane. 
200 nm 
Figure 5.8.4. Bright field TEM image of a rupture tested irradiated T-111 
sample. 
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5.8.2 Microstructural Analysis of Ta-1 O¾W 
Figure 5.8.5 is a TEM image of a virgin recrystallized non-irradiated Ta-10%W 
showing a dislocation density of ~1010 m-2. 
Figure 5.8.5. Bright field TEM image of recrystallized Ta-10%W. 
Figure 5.8.6 is a bright field TEM image of a rupture tested non-irradiated Ta-
10%W sample. Figure 5.8.6 reveals that the dislocation activity in creep/tensile 
tested Ta-10%W becomes apparent through the formation of characteristic 
cellular or subgranular patterns where dislocations arrange in walls at the 
boundaries of cells/subgrains with a low internal dislocation density. The 
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dislocation density of Figure 5.8.6 is approximately 1015 m-2 , which is an order of 
magnitude less than the T-111 sample shown in Figure 5.8.2. 
Figure 5.8.6. Bright field TEM image of a rupture tested non-irradiated Ta-
10%W sample. 
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200 nm 
Figure 5.8.7. Bright field TEM image of a rupture tested irradiated Ta-10%W 
sample. 
Figure 5.8. 7 is a bright field TEM image that shows a dislocation density in the 
irradiated Ta-10%W rupture tested specimen of approximately 1016 m-2. In 
comparison to the non-irradiated Ta-10%W rupture tested specimen shown in 
Figure 5.8.6, this increase in dislocation density is not accompanied by a 
pronounced mosaic of cells/subgrains, which is in contrast to the irradiated 
rupture tested T-111 specimen shown in Figure 5.8.4. 
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5.8.3 Dislocation Density Discussion 
Dislocation density is a measure of how many dislocations are present in a 
quantity of a material. Since a dislocation is a line defect, this is defined as the 
total length of dislocations per unit volume. Consequently the units are m/m3 = 
m-2. Equivalently, it is the number of dislocation lines intersecting a unit area. 
Dislocation density is usually of the order of 1010 m-2 in a metal, increasing to 
~1015 m-2 after work hardening. Table 5.8.1 summarizes the dislocation density 
results associated with this research. 
Material/Condition Recrystallized Rupture Tested Rupture Tested 
(m-2) (Non-Irradiated) (Irradiated) 
(m-2) (m-2) 
T-111 1.04 X 101u -1010 ~5.0 X 1010 
Ta-10%W 1.04 X 1010 ~1015 ~1016 
Table 5.8.1. Dislocation density (m-2) of T-111 and Ta-10%W in varying 
conditions. 
The TEM investigation of the defect structure of mechanically tested irradiated 
and non-irradiated Ta-10%W and T-111 specimens primarily focused on 
discerning qualitative and quantitative differences between the defect structures 
of sample foils. This was primarily conducted by concentrating on changes in the 
dislocation arrangements and density as a function of irradiation in order to 
validate a correlation between the dislocation structures and mechanical test 
data. It should be noted that TEM observations of thin foils result usually in an 
underestimation of dislocation density. This is because the image contrast of 
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dislocations as viewed with a TEM is usually non-uniform over a large area 
because of the changing contour of the specimen, resulting in some dislocations 
effectively becoming invisible. Therefore, to obtain a more precise determination 
of dislocation density, images must be obtained at different diffraction 
conditions.52 Unfortunately, the HF-2000 FEG TEM does not provide sufficient 
tilt capabilities to observe dislocations at multiple zone-axis and diffraction 
conditions. To mitigate this limitation the dislocation densities associated with 
this research were obtained from approximately 15 TEM images, on one zone-
axis, for each condition. 
Respective of the two alloys, the defect density and arrangement structures of 
the non-irradiated samples are very similar. As shown in Figure 5.8.1 for T-111 
and Figure 5.8.5 for Ta-10%W the microstructures of the recrystallized alloys are 
relatively free of dislocations. Based on the examination of fifteen areas for each 
alloy an average dislocation density of 1.04 x 1010 m-2 was determined. 
TEM examination of failed non-irradiated specimens of both alloys exhibited very 
high density cellular or subgranular patterns of dislocations coupled with adjacent 
areas relatively devoid of dislocations. This observation was fairly consistent 
throughout the sample areas observed for both non-irradiated alloys. One can 
see that the microstructures of the samples look similar. However, there is 
approximately an order of magnitude difference in the measured dislocation 
density between non-irradiated T-111 and Ta-10%W as shown in Figures 5.8.2 
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and 5.8.6, respectively. Based on the examination of fifteen areas for each 
material an approximate dislocation density of 1016 m-2 and 1015 m-2 were 
determined for non-irradiated T-111 and Ta-10%W, respectively. 
As shown in Figure 5.8.4, the TEM examination of the irradiated T-111 ruptured 
specimen showed an increase in dislocation density, compared to its non-
irradiated counterpart, accompanied by a pronounced mosaic of cells/subgrains. 
Whereas, the irradiated Ta-10%W ruptured specimen shown in Figure 5.8.7 
reveals a slight increase in dislocation density compared to its non-irradiated 
counterpart, but does not exhibit a pronounced mosaic of cells/subgrains similar 
to the irradiated T-111 specimen. Based on the examination of fifteen areas for 
each material an approximate dislocation density of 1.0 x 1016 m-2 and 5.0 x 1016 
m-2 were determined for irradiated T-111 and Ta-10%W, respectively. 
5.8.4 Evolution of Dislocation Structure 
The evolution of the dislocation structure of Ta-10%W and T-111 subjected to 
low-dose (~10-7 dpa) neutron irradiation then mechanically tested was examined 
using transmission electron microscopy (TEM). Although the irradiation induced 
defect structures in both materials were not observerable using conventional 
TEM techniques their results in mechanically tested microstructures are evident. 
When fee and bee materials are subjected to irradiation with energetic particles 
(neutrons or protons), internal damage ensues. The effects of neutron dose rate 
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and temperature are believed to conform to the dislocation pinning theory of 
Granato and Lucke in that the rate at which dislocations are pinned is directly 
proportional to neutron dose rate. 53 When irradiated, metals undergo significant 
internal damage accumulation and results in a degradation of mechanical 
properties, which manifests in a hardening behavior. This irradiation-induced 
hardening is interpreted in terms of two contributing effects: a) an extensive 
pinning of screw dislocations; and b) a direct bulk effect due to interstitials and 
clusters produced by thermal neutrons. 
The primary and latent slip systems in tantalum are <111 >{11 0} and <111 >{112} 
respectively. Plastic flow of all bee metals is controlled by a0 /2<111 > screw 
dislocations that possess a high Peierls stress, which leads to a strong 
temperature dependence of the flow stress at low temperatures. Yang and 
Moriarty54 noted that for tantalum at low temperatures (<0.3 Tm), the motion of 
the screw dislocations is believed to be associated with the formation of mobile 
kinks on the dislocation line. When moving under the influence of the applied 
stress, screw dislocations will intersect thus leading to the formation of jogs. The 
dragging of these jogs by the moving dislocations results in the formation of 
intrinsic atomic defects, in particular of self-interstitials.55 At the low temperature 
regimes used in the creep/rupture testing for this research (<0.3 Tm) screw 
dislocations can cross-slip to the latent slip plane. However, Seeger noted that 
alloying reduces the difference in mobility between screw and non-screw 
dislocations and that the incorporation of foreign atoms in the screw dislocation 
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cores may suppress slip in the {112} latent slip system.55 This is significant 
because it infers that neutron irradiation defects should inhibit cross-slip of screw 
dislocations onto a latent slip system, thus slip should primarily occur on the 
{11 O} family of planes. 
Stoller, Wirth and Odette56 concluded that irradiation induced defect structures in 
alloys are responsible for evolution of dislocation structures by impeding 
dislocation motion thus increasing strength and decreasing ductility. As shown in 
both sections 5.8 and 5.9, the dislocation activity in creep/tensile tested Ta-
10%W and T-111 becomes apparent through the formation of characteristic 
cellular or subgranular patterns where dislocations arrange in walls at the 
boundaries of cells/subgrains with relatively low internal dislocation density. This 
is consistent with the observations of Zinkle and Matsukawa44 in which the 
formation of dislocation cells is favored at low doses and high strains. The 
driving force behind the creation of a mosaic cells/subgrains has long been 
unclear.57 It is understood that dislocations of the same slip system with the 
same Burgers vector and slip plane interact weakly. 
In conjunction with this evolution in dislocation structure is a corresponding 
increase in work hardening of the irradiated alloys, which is more pronounced in 
T-111. Work hardening is the increase of a material's resistance to plastic 
deformation produced by plastic deformation of metals at temperature below 
about 0.5 Tm• It results from increasing numbers of dislocations and dislocation 
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entanglements which is accompanied by reduction in ductility. During primary 
creep the work-hardening coefficient is relatively small. However, during 
secondary creep there is a high degree of work hardening as dislocations 
operate on mutually intersecting slip planes. As a result, they form junctions by 
recombination and have to intersect their "forest" dislocations during glide thus 
leading to subgrain formation. The atomistic nature of the interaction between 
dislocations and small defect clusters, produced by low temperature neutron 
irradiation, makes these processes very difficult to study using conventional TEM 
techniques. 
Based on the TEM and electron diffraction analysis coupled with the observation 
of increased work hardening in the irradiated alloys, it is concluded that the 
interaction of the defects, produced by an atomic displacement damage of 
approximately 3.0 x 10-7 dpa, with moving a0 /2<111 > screw dislocations in T-111 
results in the formation of dislocation jogs, which causes the screw dislocations 
to cross-slip on {11 O} family of planes. 
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CHAPTER VI 
SUMMARY AND CONCLUSIONS 
"When a man finds a conclusion agreeable, he accepts it without argument, but 
when he finds it disagreeable, he will bring against it all the forces of logic and 
reason." - Thucydides 
6.1 Summary 
The 238PuO2 fuel in a RTG produces significant amounts of alpha-particles and 
neutron displacement damage. The alpha-particles (helium ions) are produced 
by the radioactive decay of 238-plutonium and result in increasing pressure 
within the encapsulation layer of a RTG as the unit ages. The potential material 
"damage" from the emitted neutrons from the 238PuO2 fuel is a function of the 
proximity of the 238PuO2 fuel to the encapsulation layer of T-111 or Ta-10%W. As 
previously discussed, the lack of fundamental understanding of the effect of 
"RTG levels" of neutron irradiation on the deformation and failure mechanisms in 
two tantalum alloys (T-111 and Ta-10%W) at irradiation temperatures below 
350°C led to the initiation of this research. The objectives of this research that 
were accomplished are: 
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1. To characterize the low-temperature creep deformation and failure modes 
and to develop low-temperature creep/stress rupture data for irradiated 
Ta-10%W and T-111. 
2. Neutron Irradiation - To elucidate the interaction of neutron irradiation 
damage and low-temperature creep/stress rupture mechanisms for T-111 
and Ta-10%W, which are not thoroughly discussed in literature or studied 
in detail. 
3. Irradiation Temperature - To determine the effects of the interaction of 
irradiation fluence and temperature on the mechanical properties of 
irradiated Ta-10%W and T-111. 
The results of this research accomplished all three stated objectives and provide 
a basic understanding of the strength mechanisms in two tantalum alloys (Ta-
10%W and T-111) resulting from the exposure to neutron fluence levels of 
approximately 1.2 x 1015 nvt at temperatures below 350°C. This will enhance 
the level of understanding of potential irradiation hardening mechanisms in both 
Ta-10%W and T-111 alloys. 
Thus, space power system designers can more confidently extrapolate relevant 
mechanical-property trends of T-111 and Ta-10% W encapsulation materials that 
are subjected to neutron irradiation doses and internal pressure levels which 
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correspond to actual RTG service lifetimes. This provides space power system 
designers with information and material options for future applications that will 
support ambitious long duration and higher power space related missions. 
This understanding of these mechanisms is important for the confident 
extrapolation of mechanical-property trends to the higher doses and gas levels 
corresponding to actual service lifetimes. When comparing samples of Ta-10%W 
and T-111 that were subjected to identical neutron fluences and environmental 
conditions at temperatures <0.2T m (~350°C), the mechanical testing data clearly 
shows that the effects of neutron irradiation are more pronounced on T-111 than 
Ta-10%W. Although the damage defect structures created by the neutron 
irradiation are approximately equivalent in both tantalum alloys the resulting 
lattice strain fields will be greater in T-111 due to the additional lattice strain from 
the presence of hafnium metalloid impurities in the lattice. This additional lattice 
strain coupled with neutron irradiation defect structures results in more 
pronounced dislocation networks and minor changes to mechanical properties in 
T-111. 
147 
6.2 Conclusions 
Results obtained in the present research significantly contribute to the state-of-
the-art in our understanding of the effects of low levels of neutron irradiation 
which are equivalent to the cumulative fluence associated with a 30-year mission 
life of a RTG, on Ta-10%W and T-111 at temperatures less than <0.2 Tm• The 
following important conclusions result from this research: 
1) Approximately 20 µCi/g of isotope 182Ta are formed in both Ta-10%W and 
T-111, and 0.2 µCi/g of isotope 181 Hf is formed in T-111 as a result of the 
slow-neutron capture process. 
2) An atomic displacement damage of approximately 3.0 x 10-7 dpa is 
produced, at a fluence level of 1.2 x 1015 nvt, which results in an estimated 
observable defect density of 7.35 x 1017 defects/m3 in both alloys. 
3) The oxidation of Ta-10%W and T-111 is non-diffusion controlled and 
primarily superficial. 
4) An atomic displacement damage of approximately 3.0 x 10-7 dpa produces 
an approximate 6.6% reduction in the ductility of T-111 at 25°C when 
subjected to a strain rate of 0.0017 s-1 ; the average reduction in elongation 
was 0.8039 cm (irradiated) compared to 0.8603 cm (non-irradiated). This 
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was determined to be a statistically significant effect at the 0.01 
significance level. 
5) The effects of neutron irradiation in T-111 are more pronounced at an 
irradiation temperature of 350°C than at 108°C. This was determined to 
be a statistically significant effect at the 0.05 significance level. 
6) An atomic displacement damage of approximately 3.0 x 10-7 dpa did not 
produce a statistically significant effect on the tensile properties of Ta-
10%W when subjected to a strain rate of 0.0017 s-1. 
7) An atomic displacement damage of approximately 3.0 x 10-7 dpa produces 
the following statistically significant effects in the low-temperature 
creep/stress rupture behavior of T-111 : 
a. An approximate two-order of magnitude increase in the rupture 
time from 1.59 x 105 s (non-irradiated) to 9.3 x 106 s (irradiated). 
This was determined to be a statistically significant effect at a 
0.0472 significance level; and 
b. A two-order of magnitude reduction in steady state creep rate 
from 2.13 x 10-8 m/s (non-irradiated) to 2.48 x 10-10 mis 
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(irradiated). This was determined to be a statistically significant 
effect at a 0.0572 significance level; and 
c. Increase in the stress function from 5.14 to 7.02. 
8) An atomic displacement damage of approximately 3.0 x 10-7 dpa produces 
a more significant effect on the on the steady-state creep rate and rupture 
time for T-111 than for Ta-10%W when subjected to a load of 620 MPa. 
9) The interaction of the defects, produced by an atomic displacement 
damage of approximately 3.0 x 10-7 dpa, with moving a0/2<111 > screw 
dislocations in T-111 results in: 
a. The formation of dislocation jogs, which causes the screw 
dislocations to cross-slip on the {11 0} family of planes; and 
b. A five-fold increase in dislocation density from approximately 1 o-
16 m-2 (non-irradiated) to approximately 5.0 x 10-16 m-2 
(irradiated); and 
c. The ordering of dislocations into mosaic patterns of cellular or 
subgranular arrangements at the boundaries of cells/subgrains 
which have a relatively low internal dislocation density. 
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10) A predictive model was developed from the research data for determining 
the minimum creep rate (m/s) of irradiated T-111 via the following 
expression: 
l+dpa(I 04xl0-6 ) -57280/ 
& =(dpa)4.33x10-10 [Sinh(9.6xI0-3 o-)]1-8910 e e /RT 
Where, 
dpa - Neutron irradiation damage 
R - Ideal gas constant (8.3145 J/mole-K) 
T - Test temperature in Kelvin 
which is valid in the temperature range of 25 to 300°C; stress range of 496 to 690 
MPa; and for neutron irradiation damage levels in the 10-7 dpa regime. 
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CHAPTER VII 
FUTURE RESEARCH 
"To raise new questions, new possibilities, to regard old problems from a new 
angle requires creative imagination and marks real advances in science." 
- Albert Einstein 
Future research should focus on: 
1. High resolution Transmission Electron Microscopy (TEM) of Ta-10%W and T-
111 irradiated and non-irradiated mechanically tested specimens in order to 
quantify differences in relative levels of lattice defects between materials. 
This will require use of the JEOL 2200FS-AC aberration-corrected 
STEM/TEM at Oak Ridge national Laboratory. This instrument has an 
achievable resolution in dark-field imaging of 0.07 nm and the capability to 
obtain chemical species and bonding information to be obtained from single 
atomic columns. 
2. Determining the influence of increased irradiation temperature from 0.2 - 0.5 
Tm on the mechanical properties ofTa-10%W and T-111. This will require the 
application of an ultra-high vacuum irradiation atmosphere to mitigate 
potential environmental effects from ppm levels of 0, N, C and H20. 
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3. Conduct additional mechanical tests such as creep and stress rupture for Ta-
10%W and T-111 in order to determine if any statistically significant 
differences result from increased irradiation levels. This will require the 
application of an ultra-high vacuum mechanical testing atmosphere for 
elevated temperature testing (>0.2 Tm) to mitigate potential environment 
effects from ppm levels of 0, N, C and H20. 
4. Determine the activation energies for dislocation movement of irradiated and 
non-irradiated Ta-10%W and T-111 for elevated temperatures (>0.2 Tm) and 
irradiation levels. 
These recommended efforts will provide a level of understanding of irradiation 
effects of Ta-10% W and T-111 that will enable more confident extrapolation of 
relevant mechanical-property data. This could be used to predict end-of-service 
behavior of components made from these alloys. This will provide space power 
system designers with information and options for future applications supporting 
ambitious space-related missions. 
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APPENDIX A 
Gamma Spectrometry 
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HEADER INFORJl'.ATION in MCArd#2 Tf>C nogbone 
Identification Acquisition 
User .,. Ta~nagi Start.ed May/16/2006 .... 
MCArd : 2 Stopped May/16/2006 
Detector HPGe True Time 225.348 sec 
Geometry B Live Time 126.260 sec 
sample T6C Dogbone Dead Time 43.97 \ 
10:24 
10:28 
Channels 8192 Gross Count 3585401 countfl 
Gross Rate 28397 cps 
Sample 
Sampled from May/16/2006 10:24:36AM to May/16/2006 l0:24:36AM 
~otal Quantity 1 ± 0% 
Energy Calibrat~on Jun/5/2003 8:30:29AM ENCAL.S0 
Resolution Calibration Jun/5/2003 8:35:27AM ENCAL.SO 
Efficiency Calibrat~on Oct/14/2002 10:15:20AM GEOMET-1.SO 
Isotope ~ibrary ISOTOPE.LIB Oct/26/2005 9:42:31AM 
ACT!..VI':Y INFORMATION for MCArdlt2 T6C Dogbone 
Name Energy Activity 
kev Flag uCi 
-
-- ---- --
- -- --- ----------- ---- -
Hf-181 133. Q!', 0.9316 
Hf-181 482.16 1.236 
Weighted Average 1. 13~ 
Ta-187. fl4. 6 B 48.25 
Ta-182 100. 11 43.14 
Ta-187. 113 .6'1 59.52 
Ta-182 152.43 87.02 
Ta-182 156.38 88. 45 
Ta-182 179.39 102.8 
Ta-182 198.35 108.2 
Ta-182 222.10 127. 5 
Tct-182 229.32 133. 0 
Ta-182 264.07 137. 4 
Ta-182 1001.68 169.8 
Ta-182 1121.28 153.7 
Ta-182 1157.10 155.5 
Ta-182 1189.0~ 150.3 
Ta-182 :221.42 151. 3 
Ta-182 1230.97 ]5!,.9 
Ta-182 12,7.47 139. 7 
Ta-162 1273.70 U!J.2 
Ta-187. 1289.17 136.7 
Weighted Average 130. 6 
Grand Total 11] . 7 
Activity (uCi) ctl May/16/2006 10:24:36AM 
Errors Ouoted at 2 Sioma 
Error 
-------- -- - ----
± 24. S4 \ 
± 17.83\ 
± 20.07\ 
± 13. 78\ 
:t 5.11\ 
± 9.82\ 
:t 8.93\ 
± 9.42\ 
± 9.87\ 
± 11.03\ 
± 10.60\ 
± 10. 91\ 
± ll.61' 
! 21. 33\ 
± 20.85\ 
i 23 .31\ 
± 21.35\ 
l 21.54% 
± 21.65\ 
± 23. 03\ 
:t 26.81\ 
± 23.41\ 
:t 17. 24\ 
± 17.09% 
Figure A.2. Gamma-spectrometry Results for Irradiated T-111 Mechanical Test 
Specimen T6C. 
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APPENDIX B 
Tensile Test ANOVA 
Data 
167 
Dependent variable: Yield 
Source 
Model 
Error 
Corrected Total 
R-Square 
0.969473 
source 
Rad 
Rad_Temp 
Rad*Rad_Temp 
Tensile_Temp 
Source 
Rad 
Rad_Temp 
Rad*Rad_Temp 
Tensile_Temp 
The SAS system 
The GLM Procedure T-111 
Class Level Information 
class 
Rad 
Rad_Temp 
Tensile_Temp 
Levels 
2 
2 
2 
values 
-11 
-1 1 
-11 
Number of observations 8 
sum of 
OF squares Mean Square 
4 1586.191250 396.547813 
3 49.946550 16.648850 
7 1636.137800 
F value 
23.82 
coeff var Root MSE Yield Mean 
5.171155 4.080300 78.90500 
OF Type I ss Mean square F value 
1 1. 584200 1.584200 0.10 
1 0.561800 o. 561800 0.03 
1 14. 364800 14.364800 0.86 
1 1569.680450 1569.680450 94.28 
OF Type III SS Mean Square F value 
1 1. 584200 1.584200 0.10 
1 0.561800 o. 561800 0.03 
1 14.364800 14.364800 0.86 
1 1569.680450 1569.680450 94.28 
168 
Pr > F 
0.0131 
Pr > F 
0. 7779 
0.8660 
0.4215 
0.0023 
Pr > F 
0. 7779 
0.8660 
0.4215 
0.0023 
Level 
Rad 
-1 
-1 
1 
1 
The GLM Procedure T-111 
Level of 
Rad N 
-1 4 
1 4 
Level of 
Rad_Temp N 
-1 4 
1 4 
of Level of 
Rad_Temp 
-1 
1 
-1 
1 
Level of 
Tensile_Temp N 
-1 4 
1 4 
------------Yield------------
Mean Std Dev 
79.3500000 15.4440258 
78.4600000 17.5023789 
------------Yield------------
N 
2 
2 
2 
2 
Mean Std Dev 
79.1700000 13.8344040 
78.6400000 18.8096057 
------------Yield------------
Mean std Dev 
80.9550000 
77.7450000 
77.3850000 
79.5350000 
14.6017550 
22.1819397 
18.6605480 
23.7941432 
------------Yield------------
Mean Std Dev 
92.9125000 
64.8975000 
2.59863265 
3.92422710 
169 
The GLM Procedure T-111 
Dependent variable: UTS 
sum of 
source DF Squares Mean square F value Pr > F 
Model 4 1478.569250 369.642313 26.12 0.0115 
Error 3 42. 450137 14.150046 
corrected Total 7 1521.019387 
R-Square Coeff var Root MSE UTS Mean 
0.972091 4. 177122 3.761655 90 . 05375 
source DF Type I ss Mean square F value Pr > F 
Rad 1 0 . 277513 0.277513 0.02 0.8975 
Rad_Temp 1 1. 336613 1. 336613 0.09 0. 7787 
Rad"Rad_Temp 1 3.524512 3.524512 0.25 0.6520 
Tensile_Temp 1 1473.430613 1473.430613 104.13 0.0020 
source DF Type III SS Mean square F value Pr> F 
Rad 1 0.277513 0.277513 0.02 0.8975 
Rad_Temp 1 1. 336612 1. 336612 0.09 0.7787 
Rad"Rad_Temp 1 3.524513 3.524513 0.25 0.6520 
Tensile_Temp 1 1473.430613 1473.430613 104.13 0.0020 
170 
Level 
Rad 
-1 
-1 
1 
1 
The GLM Procedure T-111 
Level of 
Rad N 
-1 4 
1 4 
Level of 
Rad_Temp N 
-1 4 
1 4 
of Level of 
Rad_Temp 
-1 
1 
-1 
1 
Level of 
Tensile_Temp N 
-1 4 
1 4 
-------------UTS-------------
Mean Std Dev 
90.2400000 14.9199710 
89.8675000 16.8614479 
-------------UTS------------ -
N 
2 
2 
2 
2 
Mean Std Dev 
89.6450000 13. 2661336 
90.4625000 18.1816013 
-------------UTS-------------
Mean Std Dev 
90.4950000 
89.9850000 
88.7950000 
90.9400000 
14.9411663 
21.0788531 
17 . 3736136 
23.3769502 
-------------UTS-------------
Mean std Dev 
103 . 625000 
76.482500 
3 . 13265063 
2.45955789 
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Dependent variable: Modulus 
Source 
Model 
Error 
corrected Total 
source 
Rad 
Rad_Temp 
Rad*Rad_Temp 
Tensile_Temp 
source 
Rad 
Rad_Temp 
Rad*Rad_Temp 
Tensile_Temp 
R-square 
0.584897 
The GLM Procedure T-111 
sum of 
OF squares Mean square F value Pr > F 
4 74053.6851 18513 .4213 1.06 0.5021 
3 52556.0392 17518.6797 
7 126609.7243 
coeff var Root MSE Modulus Mean 
8.594692 132. 3581 1539.999 
OF Type I SS Mean square F value Pr > F 
1 66097.02611 66097.02611 3. 77 0.1474 
1 5256. 71311 5256. 71311 0.30 0.6220 
1 1692.16531 1692.16531 0.10 0. 7763 
1 1007.78051 1007.78051 0.06 0.8259 
OF Type III SS Mean Square F value Pr> F 
1 66097.02611 66097.02611 3. 77 0.1474 
1 5256.71311 5256. 71311 0.30 0.6220 
1 1692.16531 1692.16531 0.10 0.7763 
1 1007.78051 1007.78051 0.06 0.8259 
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The 
Level of 
Rad N 
-1 4 
1 4 
Level of 
Rad_Temp N 
-1 4 
1 4 
Level of Level of 
Rad Rad_Temp 
-1 -1 
-1 1 
1 -1 
1 1 
Level of 
Tensile_Temp 
-1 
1 
GLM 
N 
4 
4 
Procedure T-111 
-----------Modulus-----------
Mean Std Dev 
1449.10250 89. 506135 
1630.89500 110.270355 
-----------Modulus-----------
N 
2 
2 
2 
2 
Mean Std Dev 
1565.63250 152.460961 
1514.36500 131.174155 
-----------Modulus-----------
Mean std Dev 
1489.28000 
1408.92500 
1641. 98500 
1619.80500 
122. 357757 
51.046039 
177. 321168 
67.408489 
-----------Modulus-----------
Mean Std Dev 
1551.22250 
1528.77500 
94.154524 
181. 665187 
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The GLM Procedure T-111 
Dependent variable: Elongation 
sum of 
source DF Squares Mean Square F value Pr > F 
Model 4 0.01834481 0.00458620 79.27 0.0023 
Error 3 0.00017358 0.00005786 
Corrected Total 7 0.01851838 
R-Square Coeff var Root MSE Elongation Mean 
0.990627 2.682111 0.007606 0.283600 
source DF Type I SS Mean Square F value Pr > F 
Rad 1 0.00061952 0.00061952 10.71 0.0467 
Rad_Temp 1 0.00217800 0.00217800 37.64 0.0087 
Rad*Rad_Temp 1 0.00007688 0.00007688 1. 33 0.3325 
Tensile_Temp 1 0.01547041 0.01547041 267.38 0.0005 
source DF Type III SS Mean square F value Pr > F 
Rad 1 0.00061952 0.00061952 10.71 0.0467 
Rad_Temp 1 0.00217800 0.00217800 37.64 0.0087 
Rad*Rad_Temp 1 0.00007688 0.00007688 1.33 0.3325 
Tensile_Temp 1 0.01547041 0.01547041 267.38 0.0005 
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Level 
Rad 
-1 
-1 
1 
1 
The GLM Procedure T-111 
Level of 
Rad N 
-1 4 
1 4 
Level of 
Rad_Temp N 
-1 4 
1 4 
of Level of 
Rad_Temp 
-1 
1 
-1 
1 
Level of 
Tensile_Temp N 
-1 4 
1 4 
----------Elongation---------
Mean std Dev 
0.29240000 0.05567315 
0.27480000 0.05354238 
----------Elongation---------
Mean std Dev 
N 
2 
2 
2 
2 
0. 30010000 0.05280802 
0.26710000 0.05155683 
-------- --Elongation---------
Mean Std Dev 
0.30580000 
0.27900000 
0.29440000 
0.25520000 
0.06194255 
0.06887220 
0.06632662 
0.05161880 
----------Elongation---------
Mean Std Dev 
0.32757500 
0.23962500 
0.02556369 
0.01903915 
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The GLM Procedure Ta-10%W 
class Level Information 
class 
Rad 
Rad_Temp 
Tensile_Temp 
Levels 
2 
2 
2 
values 
-1 1 
-1 1 
-1 1 
Number of observations 8 
Dependent variable: Yield 
source 
Model 
Error 
Corrected Total 
source 
Rad 
Rad_Temp 
Rad*Rad_Temp 
Tensile_Temp 
source 
Rad 
Rad_Temp 
Rad*Rad_Temp 
Tensile_Temp 
R-Square 
0.967962 
DF 
4 
3 
7 
sum of 
Squares 
1293.469950 
42.811937 
1336.281888 
Mean Square 
323.367488 
14. 270646 
F value 
22.66 
coeff var 
4.289434 
Root MSE 
3. 777651 
Yield Mean 
88.06875 
DF 
1 
1 
1 
1 
DF 
1 
1 
1 
1 
Type I SS 
5. 461513 
1. 487813 
0.007813 
1286. 512813 
Type III SS 
5.461512 
1. 487812 
0. 007813 
1286.512813 
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Mean square 
5.461513 
1. 487813 
0. 007813 
1286. 512813 
Mean square 
5.461512 
1.487812 
0.007813 
1286. 512813 
F value 
0.38 
0.10 
0.00 
90.15 
F value 
0. 38 
0.10 
0.00 
90.15 
Pr > F 
0.0141 
Pr > F 
0.5800 
0.7680 
0.9828 
0.0025 
Pr > F 
0. 5800 
0.7680 
0.9828 
0.0025 
Level 
Rad 
-1 
-1 
1 
1 
The GLM Procedure Ta-10%W 
Level of 
Rad N 
-1 4 
1 4 
Level of 
Rad_Temp N 
-1 4 
1 4 
of Level of 
Rad_Temp 
-1 
1 
- 1 
1 
Level of 
Tensile_Temp N 
-1 4 
1 4 
------------Yield--- - --------
Mean Std Dev 
87.2425000 15.4500429 
88.8950000 14. 3144321 
--------- - --Yield------------
N 
2 
2 
2 
2 
Mean Std Dev 
87.6375000 13.4987589 
88.5000000 16.2084813 
------------Yield------------
Mean Std Dev 
86.7800000 
87.7050000 
88.4950000 
89.2950000 
19.6151421 
18.1797153 
12.6077139 
21.3334116 
------------Yield--------- - --
Mean Std Dev 
100.750000 
75.387500 
2 .85064905 
2.90920808 
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The GLM Procedure Ta-10%W 
Dependent variable: UTS 
sum of 
source DF squares Mean square F value Pr> F 
Model 4 831.4691000 207.8672750 396.93 0.0002 
Error 3 1. 5710500 0.5236833 
corrected Total 7 833.0401500 
R-Square Coeff var Root MSE UTS Mean 
0.998114 0.738899 0.723660 97.93750 
source DF Type I ss Mean Square F value Pr > F 
Rad 1 1. 8240500 1. 8240500 3.48 0.1588 
Rad_Temp 1 14.3648000 14.3648000 27.43 0.0135 
Rad*Rad_Temp 1 2.8322000 2.8322000 5.41 0.1026 
Tensile_Temp 1 812 .4480500 812.4480500 1551.41 <.0001 
source DF Type III SS Mean Square F value Pr> F 
Rad 1 1. 8240500 1. 8240500 3 . 48 0.1588 
Rad_Temp 1 14.3648000 14.3648000 27 . 43 0 .0135 
Rad*Rad_Temp 1 2.8322000 2.8322000 5 . 41 0 . 1026 
Tensile_Temp 1 812.4480500 812.4480500 1551.41 <.0001 
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The GLM 
Level of 
Rad N 
-1 4 
1 4 
Level of 
Rad_Temp N 
-1 4 
1 4 
Level of Level of 
Rad Rad_Temp 
-1 -1 
-1 1 
1 -1 
1 1 
Level of 
Tensile_Temp 
-1 
1 
Procedure Ta-10%W 
N 
4 
4 
--------- - ---UTS-------------
Mean Std Dev 
97.4600000 11. 5453627 
98.4150000 11.9906894 
------------ - UTS-------------
N 
2 
2 
2 
2 
Mean Std Dev 
96.5975000 11. 2225885 
99.2775000 12 .1220993 
-------------UTS-------- - ----
Mean Std Dev 
96.715000 
98.205000 
96.480000 
100.350000 
13. 9229325 
14.2764859 
13. 5623081 
15.2452222 
-- -----------UTS--------- - - - -
Mean Std Dev 
108.015000 
87.860000 
2.28651846 
1. 27901003 
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The GLM Procedure Ta-10%W 
Dependent variable: Modulus 
sum of 
source DF squares Mean square F value Pr > F 
Model 4 459518.3723 114879.5931 1.93 0.3080 
Error 3 178622.5555 59540.8518 
corrected Total 7 638140.9278 
R-Square coeff var Root MSE Modulus Mean 
o. 720089 14. 58948 244.0099 1672.506 
source DF Type I SS Mean square F value Pr> F 
Rad 1 73243.0401 73243.0401 1.23 0.3483 
Rad_Temp 1 179637.1830 179637.1830 3.02 0.1808 
Rad*Rad_Temp 1 50646.3051 50646.3051 0.85 0.4244 
Tensile_Temp 1 155991. 8440 155991. 8440 2.62 0.2040 
source DF Type III SS Mean Square F value Pr > F 
Rad 1 73243.0401 73243.0401 1.23 0.3483 
Rad_Temp 1 179637.1830 179637.1830 3.02 0.1808 
Rad*Rad_Temp 1 50646.3051 50646.3051 0.85 0.4244 
Tensile_Temp 1 15 5991. 8440 155991. 8440 2.62 0.2040 
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Level 
Rad 
-1 
-1 
1 
1 
The GLM Procedure Ta-10%W 
Level of 
Rad N 
-1 4 
1 4 
Level of 
Rad_Temp N 
-1 4 
1 4 
of Level of 
Rad_Temp 
-1 
1 
-1 
1 
Level of 
Tensile_ Temp N 
-1 4 
1 4 
-----------Modulus-----------
Mean Std Dev 
1576.82250 127.948596 
1768.19000 414.642560 
-----------Modulus-----------
N 
2 
2 
2 
2 
Mean Std Dev 
1822.35500 388.845016 
1522.65750 40.424439 
-----------Modulus-----------
Mean Std Dev 
1647.10500 
1506.54000 
1997.60500 
1538.77500 
160.605163 
59.665670 
552.229183 
17.416040 
-- --- ------Modulus-----------
Mean Std Dev 
1532.86750 
1812.14500 
58.451090 
396.610428 
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The GLM Procedure Ta-10%W 
Dependent variable: Elongation 
sum of 
source OF squares Mean square F value Pr > F 
Model 4 0.01909326 0. 00477332 57.78 0.0036 
Error 3 0.00024782 0.00008261 
corrected Total 7 0.01934108 
R-Square Coeff var Root MSE Elongation Mean 
0.987187 4.517822 0.009089 0 . 201175 
source OF Type I SS Mean square F value Pr > F 
Rad 1 0.00000181 0.00000181 0.02 0.8919 
Rad_Temp 1 0.00018241 0.00018241 2.21 0.2340 
Rad''Rad_Temp 1 0.00003281 0.00003281 0.40 0.5733 
Tensile_Temp 1 0.01887625 0.01887625 228.51 0.0006 
source DF Type III SS Mean square F value Pr > F 
Rad 1 0.00000180 0.00000180 0.02 0.8919 
Rad_Temp 1 0.00018240 0.00018240 2.21 0.2340 
Rad*Rad_Temp 1 0.00003281 0.00003281 0.40 0.5733 
Tensile_Temp 1 0.01887625 0.01887625 228.51 0.0006 
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Level 
Rad 
-1 
-1 
1 
1 
The GLM Procedure Ta-10%W 
Level of 
Rad N 
-1 4 
1 4 
Level of 
Rad_Temp N 
-1 4 
1 4 
of Level of 
Rad_Temp 
-1 
1 
-1 
1 
Level of 
Tensile_Temp N 
-1 4 
1 4 
----------Elongation---------
Mean std Dev 
0.20165000 0.05761889 
0.20070000 0.05591500 
----------Elongation---------
N 
2 
2 
2 
2 
Mean Std Dev 
0.20595000 0.06234594 
0.19640000 0.04999207 
----------Elongation---------
Mean std Dev 
0.20845000 
0.19485000 
0.20345000 
0.19795000 
0.07898383 
0.05946768 
0.07346839 
0.06286179 
----------Elongation---------
Mean Std Dev 
0.24975000 
0.15260000 
0.01242001 
0.00082865 
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APPENDIX C 
Creep/Stress Rupture 
Test ANOVA Data 
184 
The GLM Procedure 
class Level Information 
class Levels values 
Hf 2 -1 1 
Rad 2 -11 
Rad_Temp 2 -11 
Load 2 -1 1 
Number of observations 8 
Dependent variable: Rupture_Time 
sum of 
source OF Squares Mean square F value Pr > F 
Model 5 1. 3829093El5 2.7658186El4 17.02 0.0564 
Error 2 3.2491995E13 l.6245998E13 
corrected Total 7 1. 4154013El5 
R-Square coeff var Root MSE Rupture_Time Mean 
0.977044 42.75905 4030632 9426384 
source OF Type I SS Mean square F value Pr > F 
Hf 1 3.2885388El4 3.2885388El4 20.24 0.0460 
Rad 1 1. 824432 5E13 1.8244325El3 1.12 0.4003 
Rad_Temp 1 l.8247242E13 1. 8247242E13 1.12 0.4003 
Rad*Rad_Temp 1 3.1992323El4 3.1992323El4 19.69 0.0472 
Load 1 6.9764062El4 6.9764062El4 42.94 0.0225 
source OF Type III SS Mean square F value Pr> F 
Hf 1 3.2885388El4 3.2885388El4 20.24 0.0460 
Rad 1 l.8244325E13 l.8244325E13 1.12 0.4003 
Rad_Temp 1 1. 8247242E13 l.8247242E13 1.12 0.4003 
Rad*Rad_Temp 1 3.1992323El4 3.1992323E14 19.69 0.0472 
Load 1 6.9764062El4 6.9764062El4 42.94 0.0225 
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The GLM Procedure 
Level of ---------Rupture_Time--------
Hf N Mean Std Dev 
-1 4 15837837.5 18085642.2 
1 4 3014930.8 5923851.6 
Level of ---------Rupture_Time--------
Rad N Mean Std Dev 
-1 4 7916238.3 15722680.0 
1 4 10936530.0 14782297.5 
Level of ---------Rupture_Time--------
Rad_Temp N Mean Std Dev 
-1 4 7916117.5 1S722761.0 
1 4 10936650.8 14782178.4 
Level of Level of ---------Rupture_Time--------
Rad Rad_Temp N Mean Std Dev 
-1 -1 2 8217S.0 108647.0 
-1 1 2 15750301. 5 22273437.2 
1 -1 2 15750060.0 22273778.8 
1 1 2 6123000.0 8169911.7 
Level of ---------Rupture_Time--------
Load N Mean Std Dev 
-1 4 18764750.0 15466866.9 
1 4 88018.3 172004.0 
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The GLM Procedure 
Dependent variable: Elongation 
sum of 
Source OF squares Mean Square F value Pr > F 
Model 5 0.07650680 0.01530136 0.98 0.5756 
Error 2 0. 03128475 0.01564238 
corrected Total 7 0.10779155 
R-Square Coeff var Root MSE Elongation Mean 
0.709766 22.21927 0.125069 0.562888 
source OF Type I SS Mean square F value Pr > F 
Hf 1 0.01183491 0.01183491 0.76 0.4761 
Rad 1 0.00256686 0.00256686 0.16 0 . 7246 
Rad_Temp 1 0.03946645 0.03946645 2. 52 0. 2531 
Rad*Rad_Temp 1 0.00408156 0.00408156 0.26 0.6603 
Load 1 0.01855701 0.01855701 1.19 0.3898 
source OF Type III SS Mean square F value Pr > F 
Hf 1 0.01183491 0.01183491 0.76 0.4761 
Rad 1 0.00256686 0.00256686 0.16 0.7246 
Rad_Temp 1 0.03946645 0.03946645 2.52 0.2531 
Rad*Rad_Temp 1 0.00408156 0.00408156 0. 26 0.6603 
Load 1 0.01855701 0.01855701 1.19 0.3898 
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Level 
Rad 
-1 
-1 
1 
1 
Level of 
Hf N 
-1 4 
1 4 
Level of 
Rad N 
-1 4 
1 4 
Level of 
Rad_Temp N 
-1 4 
1 4 
of Level of 
Rad_Temp 
-1 
1 
-1 
1 
Level of 
Load 
-1 
1 
N 
4 
4 
The GLM Procedure 
----------Elongation---------
Mean Std Dev 
0.52442500 0.05681821 
0.60135000 0.16957959 
----------Elongation---------
Mean std Dev 
0.54497500 0.14861098 
0.58080000 0.11397225 
----------Elongation---------
Mean std Dev 
0.63312500 0.09135412 
0.49265000 0.12012267 
N 
----------Elongation---- - ----
Mean Std Dev 
2 0.63780000 0.11242998 
2 0.45215000 0.13838080 
2 0.62845000 0.11094505 
2 0. 53315000 0.13258252 
----------Elongation---------
Mean Std Dev 
0.61105000 
0.51472500 
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0.07957070 
0.15301421 
The GLM Procedure 
Dependent variable: creep_Rate 
sum of 
source DF Squares Mean square F value Pr > F 
Model 5 l.9788122E21 3.9576244E20 13. 58 0.0700 
Error 2 5. 8271846El9 2.9135923El9 
Corrected Total 7 2.037084E21 
R-Square coeff var Root MSE creep_Rate Mean 
0. 971394 48.53894 5397770204 1.11205E10 
source DF Type I SS Mean Square F value Pr> F 
Hf 1 4.7024871E20 4.7024871E20 16.14 0.0567 
Rad 1 5.5822392E19 5.5822392El9 1.92 0.3005 
Rad_Temp 1 4.4023768E18 4.4023768El8 0.15 0.7350 
Rad*Rad_Temp 1 4.6571901E20 4.6571901E20 15.98 0.0572 
Load 1 9.8261969E20 9.8261969E20 33.73 0.0284 
source DF Type III SS Mean square F value Pr> F 
Hf 1 4.7024871E20 4.7024871E20 16.14 0.0567 
Rad 1 5.5822392El9 5.5822392E19 1.92 0.3005 
Rad_Temp 1 4.4023768El8 4.4023768E18 0.15 0.7350 
Rad*Rad_Temp 1 4.6571901E20 4.6571901E20 15.98 0.0572 
Load 1 9.8261969E20 9.8261969E20 33. 73 0.0284 
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The GLM Procedure 
Level of ----------creep_Rate---------
Hf N Mean std Dev 
-1 4 1. 878738E+l0 2.182918E+l0 
1 4 3.453612E+09 6.764999E+09 
Level of ----------creep_Rate---------
Rad N Mean Std Dev 
-1 4 8.478943E+09 l.681433E+l0 
1 4 1. 376205E+l0 l.943447E+l0 
Level of ----------creep_Rate---------
Rad_Temp N Mean std Dev 
-1 4 1.037867E+l0 2.061446E+l0 
1 4 1.186232E+l0 1. 589354E+l0 
Level of Level of ----------creep_Rate---------
Rad Rad_Temp N Mean std Dev 
-1 -1 2 1.072550E+08 1.495460E+08 
-1 1 2 l.685063E+l0 2.382861E+l0 
1 -1 2 2.065009E+l0 2. 920338E+l0 
1 1 2 6.874000E+09 9. 512000E+09 
Level of ----------creep_Rate---------
Load N Mean std Dev 
-1 4 2.220325E+l0 1. 874787E+l0 
1 4 3.773975E+07 7.350907E+07 
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DISCLAIMER 
This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any 
agency thereof, nor any of their employees, makes any warranty, expressed or 
implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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